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ABSTRACT

The suitability of several temperature measurement schemes for an
irradiation creep experiment is examined. It is found that the specimen
resistance can be used to measure and control the sample temperature if
.compensated for resistance drift due to radiation and annealing effects.
A modified Kelvin bridge is presented that allows compensation for
resistance drift by periodically checking the sample resistance at a
controlled ambiént temperarture. |

A new phase-insensitive method for detecting the bridge error
signals is presented. The phase-insensitive detector is formed by
averaging the magnitude of two bridge voltages. Although this methed is
substantially less sensitive to stray reactances in the bridge than
conventional phase-sensitive detectors, it i1s sensitive to gain stability
and linearity of the rectifier circuits. Accuracy limitations of
rectifier circuits are examined both theoretically and experimentally
in great detail. Both hand analyses and computer simulations of
rectifier errors are presented.

Finally, the design of a temperature control system based on sample
resistance measurement is presented. The prototype system is shown to
control a 316 stainless steel sample to within a 0.15 °C short term
(10 sec) and a 0.03 °C long term (10 min) standard deviation at
temperatures between 150 and 700 °C. The phase-insensitive detector
tyﬁically contributes less than 10 ppm peak resistance measurement
error (0.04 °C at 700 C for 316 stainless steel or 0.005 °C at 150 °C

for zirconium).
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CHAPTER I
INTRODUCTION
I. GOAL OF DISSERTATION

In the past many methods of measuring temperature have been
devised including gas, ultrasonic, noise, thermocouple, mercury,
radiation, and resistance thermometers.1 One of the most accurate
thermometers is the platinum resistance thermometer in which the
resistance is measured by balancing a bridge. AC bridges have the
advantage of insensitivity to thermoelectric voltages, but they are
sensitive to phase shift due to stray reactances. Typically complex
phase compensating techniques are employed together with very low AC
frequency to help correct this problem. A povel detector employing
precision rectifiers as error detectors is presented that minimizes
sensitivity to phase shift. ' The detector allows high-frequency
operation (1 KHz) thereby making fast temperature measurement and
control possible.

The accuracy limitation of this detector is the linearity of the
rectifier. A thorough literature search reveals that a complete
analysis of rectifier érror is not available. Therefore, a complete error
analysis is given in this dissertation for precision rectifier circuits,
in which diodes or transistors are placed in the feedback path of an
opamp.

This detector was developed for use in a temperature control system
for a radiation creep experiment. Background information on the creep

experiment will be given next.



II. BACKCROUND INFORMATION ON RADIATION CREEP

Recent concern over future energy shortages has resulted in
intense search for energy sources. Nuclear energy is Becoming an
irportant source of energy because of its loW cost and abundant fuel
resources. Unfortunately, some of the properties of materials in or
near the core of nuclear reactors change due to exposure to nuclear
radiation,z At present, the understanding of these changes is critical
to the proper design ot nuclear reactotrs, especially breeder and Lherwu=
nuclear reactors. The economic costs associated with an incomplete
understanding of radiation damage for light-water, breeder, and thermo-
nuclear reactors are very large (approximately half a billion dollars
per year increasing to six billion dollars by the year 2000).2

In breeder reactors, fast-neutron fluxes of the order of 1016
neutrons/cmz—sec are expected. This is three orders of magnitude higher
than encountered in existing thermal light-water reactors.2 This high
fast-neutron flux will accelerate radiation damage and will give rise to
new problems. The two most sericus of these problems are swelling,
caused by the formation of voids, and radiation-enhanced creep.
Radiation-enhanced creep is the elongation of a stressed sample, while
swelling is the increase in sample volume independent of stress. Swell-
'ing of up to a 20 percent increase in volume has been observed,2 while
creep rates may be increased by up to several orders of magnitude due to
radiation effects.3 Both swelling and radiation creep require reactor
design compromises which may adversely affect reactor efficiency; e.g.,
a breeder reactor with a heavy internal support structure (necessitated

by swelling or irradiation creep behavior) may not breed.



The radiation effect with which this dissertation is concerned is
radiation-enhanced creep. This is defined as the excess time-dependent
deformation of stressed material due to nuclear irradiation and con-

[3
’J

tains deformation associated entirely with swelling. An overview of
the present state of the effect of radiation on materials is given in
Reference 6. The experimental features associated with irradiation
creep are given in References 4, 7, and 8.

In‘the past, irradiation creep testing has been accomplished by
placing samples in reactors, monitoring sample temperature and radiation
levels, and periodically removing samples from the reactor to measure
changes in sample length. Disadvantages of this technique are as
follows. Since only discrete data points are prodﬁced, fine detail of
the sample creep history is lost. In particular, transient behavior is
lost. Since samples must be removed from the reactor and placed in
controlled equilibrium temperature environments, the sample recovery
behavior may introduce error. If continuous creep data is desired, the
cost of required equipment is very 1afge (of ;he order of a million
dollars per specimen as.opposed to only a few thousand dollars for the
discrete method).

It has recently been shown that irradiation creep due to neutrons
can be simulated by light ion irradiation such as alpha particles,
deuterons, and protons.z’4 Charged particle testing has several
advantages.

1. Sources of high energy ions are readily available such as

cyclotrons and Van de Graff accelerators.



2. The cost of testing thin samples with ions is low (of the
order of a few thousand dollars).

3. In tests conducted out of reactor, tight tolerances on sample
test conditions can be achieved making continuous creep
measurement possible. Hence transient and recovery charac-
teristics can be studied.

The irradiation creep experiment to be conducted at Oak Ridge
National Labotafory by the Metals and Ceramics Division includes
measurement of the change in length with time of metal foil samples
while they are bombarded by high energy (approximately 60 MeV) alpha
particles at current densities up to 10 uA/cm2 from the Oak Ridge
Isochronous Cyclotron. At this current density, the specimen displace-
ment rate will match that at the core of planned breeder reactors
uniformly through the sample.

A description of the experimental apparatus as shown in Figures 1
and 2 is given below.

1. Specimens having gauge dimension of 0.0076 x 0.2 x 2.0 cm are
attached by hydraulic grips to two pullrods. Capacitance
extensometers ASL Model 1072 (resolution better than 250 K) sit
on two sides of the speccimen between the gripo, ao illuctrated
in Figure 2, thereby eliminating errors associated with remote
strain measurement. Sample thickness can be increased up to
0.0127 cm for creep tests at temperatures above approximately
éSO °C.

2. Stress is applied via a motor-driven spring (the spring is of

the ring type to prevent any twisting tendencies) to enable
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rapid variation of stress up to 580 MPa (MN/mz). A load cell
provides monitoring of stress (0.22 N resolution).

3. A liquid nitrogen-filled heat sink provides constant sample
cooling by heat conduction through circulated helium (1/3 to 1
atm at 26.7 + 0.5 °C).

4., Temperature control and monitoring are based on the variation of
sample resistance with temperature. Ohmic heating current is .
supplied by the control system to control sample temperature over
a rauge [rom about 150 °C to 700 °C. An infrared p&rometer,
Raytek Thermalert Model S/L-300 B (2.8 °C repeatability)
monitors the temperature profile along the sample. Nisil/
Nicrosil and/or Pt/Pt—lO%Rﬁ thermocouples are provided to
mcenitor sample temperature under equilibrium room temperature
conditions to enable compensation of the control system for bulk
resistivity changes. Ambient température contral of the
apparatus is provided by circulating water through structural
members and by circulating helium in the test chamber. The
short specimen thermal time constant (approximately 0.4 sec)
cnables rapid varilations in sample temperature to be made.

5. Alpha-beam monitoring will be accomplished via a flat-plate
Langmuir probe mounted on the beam mask and by monitoring the
ohmic heating current. Tovmaintain a uniform beam profile on
the sample, the beam can be wobbled.

This project has several objectives. The steady-state and transient

creep behavionr in purc mectals and alluys will be examined. Creep will

be studied as a functicn of temperature, fluence, and stress. This will



be facilitated by the equipment which allows rapid variation of
temperature, stress, and atcmic displacement rate. Candidate reactor
construction materials to be tested for use in breeder, thermcnuclear,
and conventional thermal reactors include both established alloys as
well as developmental ones. Test materials will be preirradiated to
varying fluerices in EBR-II (Experimental Breeder Reactor-II) and other
reactors to avoid long-term structural tramsicntec and to study creep as
a function of fluence (neutrons/cmz). Structural coupling between
stress and radiation damage will be studled Ly preirrediating some

samples in the stressed condition.
III. SCOPE OF DISSERTATION

The subject of this dissertation is the sample temperature control
system for the irradiation creep experiment. In Chapter II, the impor-
tance of precision temperature control to the experiment is stressed.
Methods of temperature measurement and control are discussed. Reasons
for choosing sample resistance as a measure of average sample temperature
are given. Advantages of AC bridges over DC bridges are enumerated.
Finally, a bridge that allows compensation for changes in bulk
resistivity due to radiation damage is developed. Results of computer
programs are presented in Appendix A, in which polynomial equations for
thermal expansion and resistance change with temperature are used to
calculate the temperature and resistance c :ntrol necessary for 1 ppm
strqin resolution,

In Chapter III, methods for measuring the error signal from AC

bridges are discussed. A new method employing pr cision rectifiers is



developed. The chief advantage of this method is the insensitivity to
stray phase shifts in the practical bridge. This method allows very
long cables to be employed in the bridge without causing significant
error. However, the linearity of the rectifier is shown to be of
utmost importance.

Error analyses of some precision rectifier circuits are presented
in Chapter IV. Hand analyses, utilizing both piecewise-linear and
expcnential diode models, and elaborate CSMP (IBM Computer System
Modeling Program) computer analyses are given. Accuracy as affected by
gain, offset voltages, input bias current, slew rate limitations,

exponential characteristics of PN junctionms, fluctuation with

Hre
collector current, and stray capacitance is investigated. A discussion
of difficulties in experimental verification of theoretical results is
alsc presented.

The final control system for the irradiation creep expefiment is
described in Chapter V in terms of experimental data and an equivalent

system model. Results and suggestions for further study are given in

Chapter VI,



CHAPTER II
TEMPERATURE CONTROL CONSIDERATIONS

I. TEMPERATURE CONTROL REQUIREMENTS
FOR IRRADIATION CREEP EXPERIMENTS

The Need for Temperature Control

One of the most important aspects of the expeéeriment is temperature
control and measurement since thermal expansion cannot be distinguished
from mechanically induced length changes. The importance of temperature
control is clear, given expected irradiation creep rates during these
experiments of 50 ppm/24 hr. If the temperature averaged along the
length of the specimen varies by approximately 2 °C, the corresponding
thermal expansion is aéproximately the same as the creep occurring in a
day! To allow testing under conditions of low stress and displacement
rate, a strain measurement accuracy of one microstrain (1 ppm) is
desired. This is substantially better than most previous experiments.
For instance, for the experiments recently reported, strain measurement
. accuracies range from 50 ppm,9 to 5 ppm.10 The required temperature
control for 1 ppm thermal expansion ranges from 0.043 °C at 700 °C for
316 stainless steel to 0.403 °C at 700 °C for zirconium as shown in
Table 1. The data presented in Table 1 were calculated via two com-
puter programs. The first program was employed to fit a polynomial
equation to thermal expansion data obtained from References 11 and 12.
A second program calculated the temperature control (AT) using the

following equation:

10



TABLE 1

THE CHANGE IN TEMPERATURE CAUSING A 1 PPM CHANGE
IN SAMPLE LENGTH FOR SEVERAL METALS

Temperature Change (°C) at a Temperature (°C) of

Metal 0.00 26.66 150.00 300.00 500.00 700.00
Hastelloy F 0.074 0.073 0.068 0.263 0.058 0.053
Nickel 0.075 A 0.074 0.070 0.265 0.060 | 0.056
Niobium 0.123 0.123 0.123 0.023 0.123 0.123
316 Stainless Steel 0.065 0.064 0.058 0.053 0.047 0.043

Zirconium 0.242 0.233 0.249 0.291 0.347 0.403

11



12

AT = L(T) 1.0(10—6)/L‘(T) . (1)

where L(T) is sample length as a function of temperature. For more
information on these programs, see Appendix A.

Ancther reason for temperature control is tke reproducibility or
repeatability of experimental results, Although radiation creep is only
slightly temperature dependent,a’S conventional thermai creep is highly
temperature dependent.4 Thermal creep (whether governed by dislocation
motion or by diffusional mechanisms) has a thermal dependence which is

normally that of self-diffusion; e.g.,

: 4
e = f(o) D, , (2)

where e is the diffusion creep rate, Dv = Do exp(-Q/RT), D, is the self-
diffusjion coefficient, f(o) is a function of stress related to the creep
mechanism, Q is the activation energy for self-diffusion (typilcally tens
of Kcal/mole), Do is a constant, and R is the gas constant. Wolfer et
al. have sﬂuwu that the radiation-induced craeep rate is empirically given

by

c_l, AV AV, 3 5
e =3 Gij (V) + (C+D(V)) 2sij , (3)

where A\}/V is the swelling rate, Sij is the deviatoric stress, Gij is the
Kronecker delta, and C and D are constants of the material. Also,
thermal creep is usually dominant at very high temperatures, while
radiation creep dominates at low temperatures as shown in Figure 3.
Alternatively temperature measurement could be employed instead of

temperature control. If temperature and creep were measured
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simultaneocusly, it would be possible to correct the creep data for
temperature fluctuations. The shortcoming of this method results from
transient response limitations of the equipment. Withcut temperature
control, the sample temperature undergoes random, rapid fluctuations of
the order of degrees due to beam power fluctuations and turbulent flow

of helium in the chamber. Also, the cyclotron is prone to failure,
resulting in loss of beam and large temperature changes of the sample
unless temperature control is employed. See Chapter V. In addition,
reproducibility of results at high sample temperatures would be poor due
to the large temperature dependence of thermal creep. lence, temperature

control is preferable to temperature measurenent.

Experimental Considerations

Because of the importance of specimen temperature control,
temperature control should be given special consideration in design of
the creep apparatus. Dissipation of beam power, sample temperature
profile, and measurement and control of the wmean sample temperature are
three areas of utmost importance. With a full beam power density of
300 W/cmz, the net incident beam power on the sample is 120 W. Approxi-
mately 10 percent of this power is absorbed by the foil sample. Power
loss, due to radiation and conduction of heat to the grips, is inadequate
to prevent excessive specimen temperatures. Therefore, conduction of
heat via circulating helium to a cryogenically cooled heat sink was
chosen for tﬁis experiment as the method of heat removal. This allows
sample temperatures below 250 °C with full beam power. Sample tempera-—
tures of 250 to 700 °C are obtained via AC ohmic heating current

furnished by the control system.
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Of particular concern is the temperature prcfile across tﬁe length
and width of the sample. Some computed temperature profiles are shown
in Figure 4. The importance of a uniform temperature profile is illus-—
trated by the following example. Suppose that the length of a specimen

at uniform temperature (T) is given by the following quadratic equation,
2
L(T) = L, (1 4+ aT + BT") .

Breaking the sample into infinitesimal lengths (dZ), the length of the

saiwple Iy given by

L
L o 2
L=/ dz=] (1+ecT+8T) dz_
0 o}
- 2.
=L0(l+o.T+BT). (4)

Hence control of the average temperature along the length of the sample
(T) does not necessarily eliminate changes in length due to thermal
expansion since the mean square temperature é;f) must also he held
constant. (All of the metals in Table 1 (page 11) have quadratic
expressions for L(T), except for niobium which has a linear L(T)).

A nonuniform lateral temperature profile will result in nonuniform
stress across the width of the specimén. For example, Chipley13 has
calculated a lateral temperature differential, from the center line to
the outside edge, of 3.73 and 6.51 °C at meén sample temperatures of 327
and 651 °C, respectively. These lateral temperature differentials will

create differential stresses of 13.34 and 23.28 MN/mZ, respectively.

In addition, a nonuniform temperature profile will cause nonuniform
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Source: K. K. Chipley, Oak Ridge National Laboratory, Experimental
Engineering Division, Intralaboratory Correspondence. (Unpublished.)
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thermal creep resulting in an increase in nonuniformity of stress and
strain throughout the sample.

Several methods are currently being used in irradiation creep
experiments to control temperature. At Harwell, McElroy et al.10 place
a foil sample in a helium atmosphere and measure the sample temperature
using an infrared pyrometer. This pyrometer can scan the sample to
measure and control the temperature at any small spot on the sample,
using DC ohmic heating for control. Beauw wobbling ic utilized to
attempt to maintain uniform irradiation and temperature. (See dis-
cussion of pyrometry on page 24.,) On the other hand, Hendrick et al.4
attempt to maintain a constant temperaturé profile in the irradiation
creep experiments at the Naval Research Lab by placing a sample in
direct contact with a heat sink. The general location of the heat
sink, pullrods, sample, and beam are similar to those shown in Figure 1
on page 5. Sample temperature is monitotéed by therwucovuples incide the
heat sink, and by a three-part thermocouple formed Ly Lwo wires and the
sample. (See dlscussion on thermocouples on page 19.) Specimen tem-
perature control is provided by the beam, heaters and cooling coils
inside the heat sink, and pullrod heaters. ‘There are several limitations
to this latter approach. First, changes in beam power would nct cause
equal changes in sample and heat sink temperatures if the beam directly
heats both. Also, cluse thermal coupling between heaters and thermo-
couples requires careful tuning of the control system to minimize inter-
action. Finally, the transient response of the system must be slow due

to the heat sink's thermal inertia.
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In the experiments at ORNL, direct sample heating and temperature
measurement was chosen to allow fast response to beam perturbations.
The temperature profile can be adjusted by varying the spacing between
heat sink and sample, the helium pressure, the pullrod temperature, the
ohmic heating current, and the beam power.13 Thus the temperature pro-

file may be shaped by several techniques.
II. TEMPERATURE MEASUREMENT METHODS

Several methods of measuring temperature were considered for
temperature monitoring and control including the following: thermo-
couples, infrared pyrometers, Jchnson noise thermometers, and resistance
thermometers. The suitability of each of these schemes to the measure-

ment of sample temperature will now be examined.

Thermocouples

Thermocouples consist of two metals having different Seebeck
coefficients that are joined together at a point. The potential differ-

ence between the open ends is

14

ErEsl @ v (5)
L

where E is the thermal emf in uV, S is the Seebeck coefficient as a
function of the path along the thermocouple wire in uV/°C, VT is the
temperature gradient in °C/cm, dl. is the position vector in cm, and L is
path. See Figure5(a). If Sa and Sb are the Seebeck coefficients of
wires A and B, respectively, then E is given by

Iy

= e ~snar . (6)
I
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(c) Several thermocouples attached to specimen.

Figure 5. Thermocouples.
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If a third wire is added to the thermocouple with a Seebeck coefficient

of SC with junction temperatures of T, and T3 as shown in Figure 5(b), the

thermoelectric voltage becomes

I, T, T
E = { S, dT + { 5, dT + { S dT
1 2 3

T T -T T 4T T
o] d o d o)
= | (s, - §,) dT + [ sypar+ [ 5, AT + i S AT,
T T T -T, T 4T
1 o o d d

(7

where Td = ('1'3 - T2)/2 and To = (T3 + T2)/2.

There are several reasons why thermocouples would be a poor choice

as the primary temperature measurement device for this experiment.

1. A major problem is thermal shunting. Since thermocouple wires
are generally good thermal conductors, they can act as localized
heat sinks at the points of contact with the sample. Because
of low thermal inertia of the foil sample, temperatures would
tend to be lower at the points of contact than they would be
without the thermocouples.

2. Also, if thermocouples are exposed to the beam (as they must be
to allow direct temperature measurement of the irradiated
specimen), beam heating can create large temperature gradients
along the wires. These gradients can cause error if the thermo-
couple wires are inhomogeneous or if the thermocouple is com-

posed of more than two wires as illustrated by Figure 5(b)
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and Equation (7); i.e., the thermoelectric emf depends on Tl’

T2, and T, or T To, and T Hence, unless the temperature

3 1 d’

profile along the wires is known, the voltage is difficult to
interpret.

Electrical shunting can also be a problem. Shunting effects

due to finite resistance of wire insﬁlation can cause errors.
While heljum gas would normally be a good insulator, the alpha
beam will tend to ionize the gas, reducing its resistance.
Hence, insulated wires must be employed. However, radiation
can also cause jonization in the wires and insulation result-
ing in leakage.

Thermocouples lose calibration due to structural changes
occurring at high temperatures. Decalibration characteristics
vary drastically with thermocouple material; type K thermo-
couples decalibrate 11 °C while Nicrosil/Nisil thermocouples
change less than 0.5 °C when exposed to 1100 C for 700 hours.14
Both type S and Nicrosil/Nisil are good choices for this experi-
ment because of their stability.

Radiation also causes decalibration of thermbcouples over long
periods of exposure.ls Decalibration can result from radiation-
induced structural changes and transmutation of the elements

that combine to form the thermocouple wires. Radiation can

also create parasitic currents in the thermocouple wires.

An additional problem is possible error due to AC voltages

caused by the heating current. This problem is solved by read-

ing the thermal emf with voltmeters having very high common and

pnormal mode rejection ratios.
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7. To measure the average sample temperature, several thermocouples
are required since temperature can only be determined at dis-
crete points. The average of these temperatures is taken as the
average sample temperature.

8. Problems also occur in attaching thermocouples to the specimen.
‘First, insulating and connectiﬁg small wire is very tedious,
and the wires break easily. Secondly, spot welding many wires
to thin metal samples is likely to damage the specimen enough
to affect creep measurements due to localized annealing, changes
in thickrness, etc.

As an example of the magnitude of errors that can occur, errors of

over 10 °C were encountered when a beam current density of 3 uA/cm2 at
60 MeV and an’ ohmic heating current were applied to a specimen at tem-
peratures between 150 and 500 °C. Nicrosil/Nisil thermocouples of

2.54 x 10_3 cm diameter were used; the fine wire reduced the conductance
of heat along the wire and to the helium gas. Quartz tubing of

7.60 x 10-'3 cm diameter were utilized to both electrically and thermally
insulate the thermocouple wire. As illustrated in Figuré 5(¢) (page 20),
thermocouples were attached to the sample by laser spot welding Nicrosil
and Nisil wires separately to the 316 stazinless steel sample, forming a
three-part thermocouple. Furthermore; the thermocouple wires were
exposed tu the beam, which may have caused large temperature gradients
along parts of the thermocouple wires. in some cases, two wires of a
thermocouple were spaced longitudinally on the sample so that AC vol-
tages of up to 0.1 volt appeared across the thermocouple wires.

Nierosil/Nisil has a typical output of 30 wV/°C; therefore, in order to
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measure the thermal emf to within 0.05 °C, a voltmeter with a normal-mode

rejection of approximately 30 dB would be required.

Irnfrared Pyrometry

Pyrometers carn be used tc measure the electromagnetic radiation
emitted from the sample to determine its temperature. The Stefan-
Boltzmann equation gives the radiant exitance or flux emitted per unit

area as follows:

M= e(Zﬂ,i)oTh , 16 (8)
where s(2w,i§ is the hemispherical total emittance of the specimen at
the absolute temperature (T), and ¢ is the Stetan-Boltzmanih constant
(5.6697 x 10_8 W/mz). For a blackbody (i.e., one that absorbs all
incident radiant energy and emits the maximum possible spectral exitance
for any wavelength (\) for its T), €(2w,A) = 1. The spectral exitance

is given by Plank's law as

My = €(2m,2) €, 27> (exnrﬁcz/lT) -7t ’ (9
where
¢, =2c’h=3.7415 x 1070 w/u’ ,
C, = C_h/k = 1.43879 x 107 mK ,

C0 is the speed of 1light in the environment of the specimen, h is Plank's
constant, and €(2m,)) is the hemispherical. spectral emittance. Note that
MA may be written in terms of frequency (f) as follows:

c
M. = e(2m, q?) 2hf3/(C°2 (exp(hf/kT” -~ 1)) (10)
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so that

M=[M df = [ M d . (11)
f A
0 0
The spectral exitance is employed to calculate the energy emitted over
a finite spectral bandwidth by integratihg MA over that bandwidth.
Generally, a detector can measure M over a small angle as illustrated in
Figure 6(a). In this case, the spectral radiance, the flux propagated in

a given direction per unit solid angle about that direction and per unit

area normal to that direction, is given by

Ly = €(0, M) 0T/ (12)

and the directicnal spectral emittance of the specimen is
- 5 :
Lo A= €(8,1)C,/(m(exp(C,/AT) - 1)) (13)

where €(6,)) is the total directional emittance and €(6,)) is the
directional spectral emittance .of the sample. Solving Equation (13) for

T, one obtains

C e(6,))cC
1= 2 (npt
: nks L
o,

+1))° L, (14)

For AT < 2898 m-°K the number one can be omitted with less than 1 percent
error in the measured T. This approximation, known as Wien's law, yields
the following simplification:

A
¢,

'

T = (?l"L in e(e,x))'l . (15)

where Ta’ the apparent temperature, is the temperature given by Equation

(14) with €(6,)) = 1.
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radiance ratio method showing the arrangement for determining
the spectral absorptance ratio by spectral heating.

Figure 6. Radiation pyrometers.

Source: H. H. Plumb, Temperature, Its Control and Measurement in
Science and Industry (Pittsburgh: Instrument Society of America, 1972),
pPp. 460, 603, and 620.
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Since the reflectance of a material is equal to one minus the
emittance for an opaque sample, many pyrometers measure the reflected
radiation of a source from the sample. At least one pyrometer utilizes
a laser as the source.17 While a detailed discussicn of pyrometry is
beyond the scope cof this dissertation, an excellent treatise on pyrometry
containing both theoretical aﬁalysis, measurement techniques, and
radiaticn properties of materials is given by Touloukia et al.16

Infrared pyrometry has both advantages and disadvantages. Its chief
advantage is that no contact to the sample is necessary. A big problem
is the determination of the emittance or reflectance of the sample.

This is influenced by not only the material from which the sample is
constructed, but also the surface conditjons; i.e., geometry of‘the
object, surface coating and smoothness, angle of measurement with respect
to the surface, and measurement wavelength. Thus, cxidation of the
sample surface and accumulation of o0il (such as that produced by dif-
fusion pumps) on the sample's surface can cause error. Furthermore, the
transmittance of the sample's atmosphere and viewing windows must be
considered. Moreover, typical accuracy of iéfrared pyrometers is € °C
between 250 and 500 °C.

Despite these problems, McElrcy et al.10 at Harwell claim
temperature control accuracy of 0.2 °C at 500 °C with an infrared
pyrometry control system. To achieve this accuracy, the specimen was
preoxidized to reduce emittance drift during the experiment. There are,
however, several indications that creep behavior, especially for thin
specimens, may be effected by a surface oxide.18

It should be mentioned that several techniques may be employed to

minimize pyrometer sensitivity to emittance drift. In one technique,



29

Kunz's ratio method,19 the thermal radiation is measured at two

wavelengths. Utilizing the Wien approximation to Equation (14), T is as

follows:
In(e(8,3;)/€(6,),) _;
T = (G + 1 1) >
r CZ()\l + Az )
where T_ = ( 11 )/(QL-- ;L) and T . and T , are the spectral
r AT AT A by ’ sl s2

1'sl 2"s2 1 2
radiation temperatures at Xl and AZ’ respectively. If the gray body

assumption is made (i.e., e(G,Al) = e(e,kz)), T equals Tr' The validity
of the gray body assumption depends on both the specimen and the wave-
lengths. In another method, Murray's polarized radiatiom technique,20
the polarization of the sum of radiation emitted by a blackbody source
and reflected from the test surface and the radiation emitted by the
surface determines the sample temperature. As pictured in Figure 6(b)
(page 27), a rotating analyzer chopper examines the polarity of the
radiation. While the blackbody source emits unpolarized radiation, the
radiation emitted from the specimen is predominantly polarized in the
plane of incidence (Ell). Assuming Kirchoff's law holds for each com-
ponent (i.e., the incident energy equals the sum of the reflected and
emitted energy), the reflected radiation is predominantly polarized
perpendicular to the plane of incidence. The sum of the reflected and

emitted intensity is given by
_ 2 2 2
I =0.25 (Ebr + (sp + Ea)(Ebs Ebr)

2 2, ‘
+ (sp - es)(Ebs - Ebr) cos 2 4) (A7)

where Ebr and Ebs are the amplitude of the emitted radiation of the
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blackbody and sample, respectively. Only the term involving cos 2 ¢ is
utilized by the instrument. The orientation of the analyzer can be
adjusted so that as the transmission axis passes through the plane of
incidence, a reference signal is generated. If the maximum transmitted
signal is in phase with the reference signal, the blackbody is cooler
than the specimen; while if the transmitted signal is out of phase with
the reference signal,’the blackbody is hotter than the sample. Sample‘
emittance can vary froem 0.05 to O.65v§ith less than 2 percent temperature
error over a range of 150 to 450 °C without compensation for emittance
value. This technique could potentially yield results accurate to

0.05 °C if the sample emittance is known to within a few percent.
Theoretically, the system could be made to yield results independent of

sample emittance or reflectivity.

The temperature profile can also affect the accuracy of the thermal
measurement. As discussed on page 15, to make the thermal expansion
error equal to zero, either the temperature profile of the sample must be
constant, or the temperature averaging must be weighted so that the sample
temperature measured by the pyrometer is equivalent to thermal expansion.
There are several approaches to temperature profile measurement that can
be taken with pyrometers. The pyrometer can be focused on a spot on the
sample, and this spot can be moved along the sample. The location of the
spot and its temperature can be fed to a computer to calculate the
weighted average temperature of the sample. Alternately, a cylindrical
llens can be employed to shape the spot so that it just covers all of the
sample. This method would yield an unweighted average temperature if a

polarizing pyrometer were employed, but would yield a logarithmically
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weighted temperature if a pyrometer operated on Wien's law. Finally, if
the temperature profile were constant, temperature control at one spot

on the sample would be sufficient, although the likelihcod of a constant
profile throughout the duration of an experiment is small due to beam
perturbation. However, because there is no physical contact with the
specimen, measurement flexibility is large, and accuracy is good. Infra-
red pyrometry is a potential candidate for temperature measurement in

radiation creep experiments.

Johnson Noise Thermometry

The thermal noise of a resistor can be utilized to measure its mean
temperature.21 This is accomplished by measuring the rms noise voltage
and current of a resistor through amplifiers having known noise band-
widths. The product of the rms noise voltage and noise current is
proportionél to the mean absolute temperature of the resistor.

The scale factor of a noise thermometer can be derived from
Nyquist's formula for the equivalent noise voltage of a resistor. The

noise voltage, as chown in Figure 7(a), is given by

enz = 4hfR/(exp(hf/kT) - 1) , (18)

where en2 is the noise voltage spectrum in V2/Hz, h is Plank's constant,

k is Boltzmann's constant, T is absolute temperature in °K, f is fre-
quency in Hz, and R is resistance in ohms, If f << kT/h(= 20.8 GHzT/°K),
then Equation (18) becomes

en2 = 4kTR , (19)

which is independent of resistor material. The Norton equivalent circuit
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(b) A system for measuring thermal noise power.

Figure 7. Jobnson noise thermometer.
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(d) Cable and amplifier noise for a current sensitive amplifier.

Figure 7 (continued)
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. . 2
gives a noise current spectrum in A Hz as

inz = 4KTR . (20)

Note that the noise power spectral density is given by

_ 2, ,. 2\\1/2 _
Po= e HE ™ - 4kT , (21)

which gives an absoliute, linear temperature scale independenf ot
resistance.

A noise thermometer operates in the following manner. First the
noise voltage is measured with a voltage sensitive amplifier having a
very large input impedance and a gain of Ae. As shown in Figure 7(b), the
rms output of this amplifier is integrated for a peried of time (7).
Next, the noise current is measured with a current sensitive amplifier
having very low input impedance and a gain of Aie' The rms output of
the current amplifier is also integrated for the same period of time.

The product of the integrated outputs is

Eo =CT, (22)

where C = A A, 4 k (Af Af.)l/2 12 and Af and Af, are the noise band-
e Tie e i e i

widths of the voltage and current amplifiers, respectively. See
References 22 and 23 for information on noise bandwidth.

The chief advantage of this system is that the calibration is
independent of any resistance changes. However, the system has several
faults: sensitivity to external noise sources such as cable noise
resistance and amplifier noise, sensitivity to gain stability and non-
linearity of amplifiers, sensitivity to amplifier impedance, and slow

response time.
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The noise sensitivity of the system is a big problem. If the
voltage amplifier has an equivalent noise resistance of an measured at
room temperature (Ta) and if the cable resistance is Rc at a mean cable

temperature of Tc, then the output of the noise voltage integrator will

be
_ 1/2
Vne = Ae(4kaRfoe) Ce T, (23)
where
R.T 4 R.T i
_ nv_a cc,1/2
Ce = (1 + R T ) s (24)
X X

and Rx and Tx are the sample resistance and temperature, respectively,
as illustrated in Figure 7(c). If the equivalent noise resistance
of the current sensitive amplifier is Rni as shown in Figure 7(d), then the

output of the current integrator will be

LKT Af
_ x i,1/2
an - Aie( Rx ) Ci T (25)
where .
RT R.T
_ 2 cc x a (1/2
Ci = (B°(1 + R T ) + T ) (26)
X X ni x
and
B=R/(R +R) . (27)
Hence, the product of V and V__ gives
ne ni
P = A A T2(Mf Af.)l/2 C C.4KT . (28)
nr e ie e 1 el Tx

Thus, the cable and amplifier noise makes the temperature scale

nonlinearly dependent on Rx and Tx' Borkowoski and Blalock have shown
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" that with Rx of approximately 300 ohms, the external noise causes
increasing error as Tx decreases as predicted by the preceding
equations.21 By using similar equations to correct the data, they were
able to reduce error to about 0.5 °C at 273.2 °K. Unfortunately, the
error would be much worse in the creep experiment since’Rx can be below
8.0 miyi.e., small Rx increases sensitivity to cable noise and requires
the use of transformers to optimize S/N. Also, the alpha beam will
creat noise due to random fluctuation of the beam current and ionization
of the helium atmosphere.

Since the measured temperature is multiplied by Ae and Aie’ the
stability and nonlinearity of the amplifiers and rms converters are ot
the utmost importance. Tc measure a Tx of 700 °C (973.2 °K) to within
0.05 °C requires gain accuracies of better than 30 ppm. The accuracy by
which the noise bandwidths are known and deviations of ‘the noise spectra
fromwhite noise are also important. The errors caused by clipping and
slewing of amplifiers are difficult to predict. For instance, high
.frequency overload problems can sometimes cause out-of-band noise due to
intermodulation distortion to be as large as the in-band noise.24 The
effects of nonzero input impedance of the current sensitive amplifier
and less than infinite input impedance of the voltage sensitive ampli-
fier also cause scale factor errors due to current and voltage division,
respectively.

Because Johnson noise is random, long integration times are
necessary to reduce the standard deviation of the measurements to
0.05 °C at 1000 °K. If the response time of the rms converter is much
shorter than T and if Afi = Afe = Af << fc’ where fC is the center
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- frequency of the filters used to measure the noise, the percent error is

21
P = 100% (af r)"l/z . (29)

Note that t would have to be 4000 sec for Af of 100 KHz if a
measurement accuracy of 0.05 °C at 1000 °K is desired. Hence, a total
neasurement time of 8C00 sec is required. Thus, noise thermometry is

substantially too slow.

Resistance Thermcmetry

Resistance thermometry measures the change in resistance due to

wtemperature change. Platinum resistance thefmometers achieving
accuracies of up to 0.0001 °C have been reported.25 Unfortunately, in

. the creep experiments, metals other than platinum are to be tested.
Resistance size, temperature coefficients of resistance;.resistance
change due to strain, resis;ance change due to radiation damage, and
electrical shunting can limit the accuracy of temperature measurement.

The resistance measurement accuracy required for 1 ppm strain

accuracy was determined for several metzls by the computer programs in
Appendix A. The results are présented along with'resistance versus
temperature in Table 2. One program fitted polynomial equations to
resistance data obtained from References 11, 12, 26, and 27. Another

program calculated the resistance control accuracy necessary for 1 ppm

strain accuracy using the following equation:
ARX = Rx(T)AI s (30)

where AT is given by Equation (1) on page 12, Tt is evident that there



THE RESISTANCE, Ry (mQ
0.00752 x 0.2 x 2 CM

TO CAUSE A LENGTH CHANGE OF 1 PPM FOR SEVERAL METALS:

)

TABLE 2

aNC THE CEANGE IN RESISTANCE, ARy (uQ), OF A
SPECIMEN TO THE TEMPERATURE CHANGE NECESSARY

Sample Temperature in °C

Metal 0.00 26.66 150.00 300.00 500.00 700.00
Hastelloy F

Ry 150. 151. 155. 158. 162. 164.

ARy 2.50 2.37 1.72 1.59 0.642 0.415
Nickel

Ry - 8.37 9.71 17.2 30.2 35.1 37.8

ARy 3.60 3.87 4.87 7.19 1.70 1.45
Niobium

Ry 18.9 20.5 27.9 36.4 46.9 56.4

AR, 7.66 7.58 7.21 6.76 6.16 5.55
316 Stainless Steel

Ry 97.1 99.7 111. 123. 136. 145.

ARy 6.42 65.15 5.02 3.86 2.61 1.61
Zirconium

Ry 59.1 65.4 92.5 121. 150. 169.

ARx 58.3 54.8 41.2 29.1 17.5 9.09

8¢
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is a wide spread of resistance values ranging from a low of 8.37 mQ for
Nickel at 0 °C and a high of 16d m? for Zirconium at 700 °C. Note that
Hastelloy F provides the worst case resistance measurement problem for
1 ppm strain resolution of 0.415 uQ out of 164 mQ (or 2.5 ppm) at 700 °C.
The next worst case is 316 stainless steel with a required resistance
measurerent of 1.61 uQ out of 145 mQ (or 11 ppm) at 700 °C. The diffi-
culty of this measurement accuracy is illustrated by the following: if
a 1 amp measuring current is employed, Hastelloy F and 316 stainless
steel require.that the potential drop across the sample is measured to
within 0.415 uV and 1.61 wV in the high noise environment of the
cyclotron.

The resistance change due to creep will affect the temperature
measurement. The sample strain (e) will cause a change in sample
resistaﬁce due to the change in sample 1eng£h and cross section; i.e.,

resistance is given by

- eL
Rx N (31)
where Rx is the sample resistance, p is the resistivity of the sample
in ohm-cm, L is the length of the specimen, and A is its cross section.

Assuming elastic strain, A can be found in terms of Ao’ the initial

value of A, by
2
A= Ao(l - ve)  , (32)

where v is Poisson's ratio. ' Thus R_is related to e by

pLo(l + e)

"R =——, (33
X Ao(l - ve)2
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Differentiating Equation (33) with respect to e, one obtains

oL ,
‘R = o (1 + 2v + ve

x Ao Qa - \)e)3

) . (34)

If e << 1, then the sensitivity of Rx to € is

R‘
T"-=s =1+ 2v . (35)
X

Since v typically lies between 0.25 and 0.5, SR lies between 1.5 and
X

2.0. However, a temperature control, based solelyeon sample resistance

measurement, will try to maintain a constant Rx; i.e.,

dR R

=———!—c" —x =
de 3T aTt + e de 0. (36)

Hence, the change in temperature due to strain is

BRx BR,:,,E BRY
—GEET de)/GE?r = —Kx SR de/(jﬁ? . (37)

X
e

dT

But a change in sample temperature will cause a change in sample length
as was illustrated earlier on pagel2 in Equation (1). Thus the measured

elongation of the sample will be

dLm = L°(T) dT + L(T) de ,

or

dR
- X
dLm = (-Rx SRx L (T)/(7§F0 + L(T)) de . (38)
e

In other words, the percent error in the measure: ifferential strain is
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3R ~
”~ x (.7
Pe = ((—Rx sR -L (T) /(L 7??9) 1904 .. (39)

X
€

oR - ’
L°(T) /(L 7ﬁ§) may be found from Table -2, page 38, via Equations (1) and

(30). Hence, Pe is given by

- -4'11 .
P, = —st 10 "%/ (AR /R))- (40)
e

where ARX is the change in Rx corresponding to theAtemperathre change
necessary to cause a change in length of 1 ppm. Taking worst case
conditions for Hastelloy F and 316 stainless steel, ARx/Rx is 2.5 x ]_'O-6
and 11.0 x 10~6, respectively. Hence Pe lies between -60% and -80% for
Hastelloy F and -14% and -187% for 316 stainless steel, both at 700 °C.
Note, however, that.this error is easily compensated. Typically, Pe.will
be much smaller. For instance, Pe will be between -2.4% and -3.2% for
stainless steel at 150 °C.

Changes in the bulk resistivity of a specimen can also occur due to
annealing and radiation damage. To find the error due to annealing, four
cold worked 304 stainless steel samples were ohmically heated to
temperatures of 415, 442, 490, and 660 °C for 24, 24, 1, and 1.25 hrs,
respectively. The respective changes<in resistance at 25 °C were -4.59%7,
-4.63%, -4.77%, and -4.407. This indicates that most of the resistance
annealing effects occur within the first few minutes of heating at the
above test temperatures. Although radiation induced resistivity changes
are approximately proportional to the fluence at low defect concentra-

tions, the resistivity increase associated with an increase of point

defects due to the irradistion is greatly reduced by énnealing effects.
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Furthermore, the resistivity change due to irradiation is very small for
most metals, particularly at the high irradiation temperatures to be
employed in this.experiment.28 Fortunately, the resistance changes due
to nuclear irradiation and annealing during the creep test are expected
to be small for the preirradiated specimens. It may be assumed that
small changes in resistivity will amount to constant ARx shifts in the
resistance versus temperature curve (Mathieson's rule) as illustrated in
Figure 8.27’28"29 Hence, resistance drift may be compensated by
periodically measuring Rx at a fixed temperature. A detailed discussion
of the compensation technique employed in the CRNL experiment is given
in the next section.

The additional temperature control error due to changes in sample
resistivity can Be found by including resistivity effects into Equation
(36) as follows:

3R BR BR

de = BT 4T + —— X de +-——F— dp =0, (41)
where
oR
_ X _ L(T) (42)
op A(T)

and A(T) is the cross sectional area of the specimen. Hence the change

in temperature due to resistivity drift is

L(T) Ry,

‘ At = - GH do) /() - (43)

The dT given by the above equation may be added to that given by Equation

(37) on page 40 to find the total temperature error.
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Figure 8. Effects of radiation or annealing on sample resistance.
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Electrical shunting could also affect results. The impedance of
the helium plasma would be in parallel with Rx. The effect of the
plasma resistance is minimized by the low resistance of Rx. For 316
stainless steel at 700 °C, a 11 ppm drop in the measured resistance
would be caused by an effective shunting resistance of 13 KQ.

The type of plasma is'dependent on bear current, Without beanm, a
one component plasma is formed by electrons thermlunically cmitted from
the sample. The electron spéce charge forms a pocr conductive path
bctwcgn the sample grips. An estimation of plasma resistance (Rp) can
be easily obtained by ﬁodeliug the sample grips as two parallel, flat,
perfectly conducting surfaces as shown in Figure 9. The maximum current

due to a one component plasma is given by the Langmuir-Child law as

2qV * ’
I =~ A8 91/2, 30 (44)
2* M o o
9d e

~ 10
where € is the permittivity of helium (8.85 % 10 12 F/m), Ao is the atres

of either plate in mz, d is spacing between the plates in m, q is the

magnitude of the electron charge (1.6 x 10"1

31

9C), Me is the electron mass

(9.11 x 10~ Kg), and Vo is the potential difference between the plates

in V. Hence the minimum plasma resistance is

R = XE =2 d2 ( Mqr-)
P I b4e Ao 2 q V0

2
Y2 o .29 x 100 2

AV

o 0

1/2 * (45)

If d is 2,5 x 1072 m and A, is 5.0 x 104 n2, then R is

*Note that in Reference 30, Equation 44 is given in esu units, but
it is given here in MKS units.
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Figure 9. Simplified model of specimen grips used to estimate
plasma resistance. ,
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5.36 x 105/v01/2

. Since Vo is always less than 2 V, Rp is much greater
than 13 K when the beam is off.
To calculate Rp due to ionization, the electron density (n) and the

mobility of electrons in helium gas (uh) must be known. Neglecting the

current due to helium ionms, Rp is given by

d Vo

P A0 qnu Ao qnw

R ’ (46)
where w is the drift velocity of electrons in helium. If the gas
pressure is 1 atmosphere at 300 °K, d is 2.5 cm, and V° is 2 vV, then w is

8 x 105 cm/sec. ) 1f A is 5.0 cm?, R is

Rp =3 x 1014/n . (47)

If the gas were cowmpletely ionized, Rp would be 6 x 10_6 2. Clearly,
this is unacceptably low. Fortunately, Rp, as measﬁred via the plasma
sensor, is 1.5 M@ when Vo is 50 v and beam current is 15 upA. (The
plasma sensor, consisting of two plates ag shown 1n Figutre 1, page 5,
and Figure 9, page 45, is employed to measure beam current.) Because of
the large area of the plates (= 10 cmz), the close spacing (= 1 cm), and
the high voltage, 1.5 Mu is a conservative estimate; therefo;e RP should
have a negligible effect on the measured value of Rx'

The sample temperature profile can also cause errors. Centrolling
the sample resistance will not necessarily eliminate thermal expansion
errors, nor will control of the average sample temperature. Although
sample resistance could be measured in small segments in a method
similar to that for thermocouples (see page 23) or that suggested for

pyrometers (see page 30), this is not necessary as long as the
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temperature profile is fairly uniform. Reasons for having a uniform
profile were discussed previously or page 15. Ideally, the equation for
R;(T) should be proportional to that for L“(Yf) to enable perfect control

of thermal expansion by resistance control; i.e.,
L°(T) a RZ(T) . (48)

From Table 2 on page 38, it is obvious that Equation (48) is not
generally satisfied. For the metals in Table 2, the resistance control
(ARx) monbtonically decreases as T increases. For small deviations from
a flat temperature profile or for large deviations over a small portion
of the gauge length, this decrease has negligible effect on the system
error. For example, since the resistance of the sample is given by

R =
X

O

[*]
r dz > (49)
[o] : .

assume a temperature profile as given in Figure 10(a). If the sample has

uniform cross section, then

R, = Xl; (a,0(T)) + ap(T,) + ap(T)) L_ , (50)

where the sample temperature is T T2, and T3 over sample lengths of

l’

ay Lo’ a, Lo’ and a, Lo’ respectively, such that the sample gauge length

is

L= Lo(a1 + a, + a2) . (51)

If Ap is the deviation of 'p from the mean value (po), and Aa is the

deviation from that at the mean temperature (ao), then
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T
T
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T
——] |"!_°-1Lu .
[ A I A NS A O
0 %__t OZLO }.{ I—¢—03Lo

POSITION ALONG THE SAMPLE LENGTH

(a) Temperature profile along the gauge length (Lo) where

al + a2 + a3 =1,

| |
O4L°"—-| % Lo :—} j—=— a5l

POSITION ALONG THE SAMPLE LENGTH

(b) Temperature profile between the grips, where L 1is the gauge
length and Lo(l + 2, + a2) is the distance betWeen the grips.

Figure 10. Sample temperature profile models.



p a ,0p, +a ,Ap, + 34 ,Ap
R =21 (1+ cl 1 02 "2 o3 3) (52)
Xx A o P
o o
and
L=1L 1+ ba; + ba, + Aa3) (53)
If a zirconium sample has a , = a_, = 0.1 with
ol o3
Re(D -3 -6 .2
R (0) - 1.C + 4.084092 x 10 " T - 2.030671 x 10 ~ T (54)
x
and
% = 1.0 + 4.136880 x 10°° T + 2.803955 x 107> T2 , (55)

where T is in °C, then it can be shown that Rx does not change if the
temperature changes from a uniform 300 °C to T, = T4 = 325 °C and T, =
293.89 °C. However, this change in temperature profile will cause an
increase in gauge length of only 1.1 ppm and an increase in the average
sample temperature of only 0.11 °C. Since the temperature profile
across the gauge length is expected to deviate no more than 6 °C from a ~
uniform profile, and since zirconium is generally more sensitive to
temperature profile than the other metals in Table 2, page 38, .the error
should be negligible.

Another source of error is the thermal expansion between the sample
grips, but outside the gauge length over which the sample 1is dirradiated
and Rx is measured. Unfortunately, the sample length is measured at the
grips (see Figures 1 and 2, pages 5 and 6) in the ORNL experiment. If

the sample length outside the gauge length is 1/23 that of the gauge
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length, if the thermal expansion coefficient of the specimen is 20 ppm/°C,
and if the temperature profile is as shown in Figure 10(b), then a change

in T, and T, with respect to T, of only 0.15 °C will cause a 1 pPpPm error

1 3 2
in the measured gauge length. Several techniques can be employed to
ninimize this error.

1. The resistance can be measured beyond the gauge length.

2. Pyrometers can be employed to measure the temperature beyond
the gauge length. The pyrometer outputs can then be used to
control heating at the grips or beam wobbling to maintain
uniform beam profile.

3. The length between the grips and the gauge length can be
minimized, but only if the grips are heated.

4. Optical techniques could possibly be employed to measure the
gauge length directly.

Finally, it should be mentioned that if Rx is employed to set

operating temperature, it is important to know RX(T) accurately. Care

should be exercised in using data on p(T), i.e.,
R (T) = o(T) L(T)/A(T) . _ (36)
See References 25, 32, 33, 34, and 35 for methods of measuring Rx(T)'

Temperature Measurement System Employed
in the Experiment

From the preceding discussion, it is evident that no temperature
system is perfect, but that resistance measurement offers the best
potential accuracy. In addition, resistance measurement offers nearly

instantaneous measurement of sample temperature. But resistance
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measurement cannot easily measure temperature profiles. For this purpose,
an infrared pyrometer will be utilized. Nisil/Nicrosil and/or type S
thermocouples will be employed to measure temperature when beam current is
zero and ohmic heating power is very small; i.e., when the sample
temperature is near room temperature. Thermocouples will have excellent
accuracy when the entire apparatus is at uniform equilibrium temperature.
Under these conditions, the sample can be monitored for bulk resistivity
changes. A bridge allowing compensation for bulk resistivity changes will

be presented next.



CHAPTER III°
RESISTANCE BRIDGES AND ERROR DETECTORS
I. BRIDGE TOPOLOGY

The first resistance bridge was developed by Sir Charles Wheatstone
in 1843 and was based on ideals presented by S. H. Christie ten years
earlier.36 In the Wheatstone bridge shown in Figure 1l(a). the error

voltage (Ve) is zero (i.e., the bridge is balanced if
Rx-= Rs RA/RB . ‘ (57)

Unfortunately, the resistance of the wire, connecting Rx and RS to the
bridge, will effectively be added to either or both the standard resistcer
(Rs) and the sample resistance (Rx), thereby causing error. This can be
particularly troublesome with low resistance standards and samples,

An improved bridge, known as the Kelvin double bridge, corrects for
cable loss and is widely employed in platinum resistance thermometers.25

As shown in Figure 11(b),
vV = VS - VR , (58)

where

[Rx + T + Rab ] Vg
Vs TR +RY+rITR”' ’ (59
¥ s y ab
(R, +r )V
vo-—2_ A& & (60)
R R
ab
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=R, Zr,
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A '
WA -
[}
=R
+—WW WA
A
V
Ig Vb EE o ° 2 ¢
Ty
[}
fa Ra.
—WA M
Vs VR
= R
®m  x
YW .
Figure 11. Circuit diagram of (a) Wheatstone and (b) Kelvin

bridges.

a
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v, = Ig[(Rx +R_ + ryl |Rab) | |RAB] , (61)

Rab = Ra + Rb + r, + Tys and RAB = RA + RB + rA + rB .

If RAB >> Rx + Rs and Rab >> ry, Equation (61) becomes

vg = Ig(Rx + R+ ry) . (62)

Plugging Equations (59) and (66) into Equation (58) gives

T LR r ) (Rp+rp) - (R 41, ) (R +1,)]
R (Rytrp)-R (Ry#r )+ ——=—= Ir<B+BR T A
_e _ Y AP . (63)
vy | (xx+xs+ryl k) Kun

<

Note that if
(Ra + ra)(RB + rB) = (Rb + rb)(RA + rA) (64)
and if Vg is approximated by Equation (62), then Equation (63) becomes

} (Rx (RB + rB) - Rs (RA + rA))

v I , (65)
e RAB g
which indicates that the bridge balance condition given by
R =Ry (R, + r,)/(Ry + 1p) (66)

is independent of ry. Effects of Ty and r, on bridge calibration are

i ¢ < =
minimized by making rp << Ry and r, << R,, or by making rA/rB RA/RB'

Hence, the Kelvin double bridge is suitable for use in this experiment

since it eliminates errors due to ry.
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Figure 12 shows the bridge developed for use in the ORNL radiation
creep experiment. The bridge is essentially a Kelvin double bridge with
some important special features. Ra is the series combination of a 2,5KQ
resistor and two precision potentiometers; COR1 (3.35KR) and CP1 (33.5KQ).-
RA is formed by the series combination of another 2.5K& resistor and two
precision potentiometers: CCR2 (3.35Kf) and CP2 (33.5KQ). Rb-and RB are
bothVZSKQ resistors. Noté that the bridge can be balanced for two
different values of Rx since CP1l and CP2 have two sliders each, either
of which may be used to balance the bridge depending on the position
of switch S2. Since the correction potentiometers COR1l and COR2 are in
the bridge, regardless of S2, they may be employed to compensate for
drift in the bulk resistivity of Rx in the following manner: With S2 in
position M, the bridge is balanced at the start of the experiment with
the sample at a carefully controlled ambient temperature (Ta)' Ta can
be measured with thermocouples attached to the sample. Then with S2 in
position R, the bridge is set for balance at operating temperature with-
out disturbing either correction potentiometer. Whenever a check on
resistivity drift is desired, S2 is returned to position M and the sample
temperature is set to Ta. Then the bridge is rebalanced, if necessary,
by utilizing only the correction potentiometers. This automatically
compensates the Bridge for a fixed ARx shift regardless of S2. This
becomes obvious when Equation (66) is rewritten as follows:

R_+OR = (R, +R_+R___ + AR ), (67)

where
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two balance conditions for Rx and compensation for Rx drift.
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MW
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COR 2 3.35KQ
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Figure 12.  Circuit diagram of a Kelvin double bridge that allows
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R i )
AR R ' (68)

. o]
AR = 70—
X RB + rB ) corx

_Rcor‘is the initial value'ﬁf tﬁe corréctidn pot resistance, ARcor is the
change in the correction pot resistance to corrgct for ARx’ and_Rcp iénﬁhe
resistance of the CPl pot correspoﬁding to the initial sample resistance
for either Ta or operating température. :Equation (64) is satisfied by
adjusting CP2 and COR2 to balance tﬁe bridge when S1 is in position

CP2 adj. With S1 in this positibn, RA acts as a sampie resistor and Rg

as a standard resister in a Wheatstone bridge. Since fb’ T» and Rb are

set equal to r

B Ta and RB’ respéctively, both Equations (64) and (57)

are satisfied by setting Ra = RA.

II. AC/DC BRIDGE CONSIDERATIONS

The frequency of the measurement current (Ig) is an important
consideration. There are two reasons why a DC measurement and heating
current should not be employed in the Oak Ridge experiment, First, a DC
current will preclude the use of thermocouples on the sample since the
DC voltage across the thermocouple wires due to the DC current can not
be ;eadily distinguished from the thermoelectric potential difference;
.i.e., the emf induced into the thermocouple by a DC heating current.can
be orders of magnitude higher than the thermoelectric emf (see page 23).
Secondly, to cancel errors due to thermoelectric voltages, two. balances
must be made with opposite polarities of Ig. In other words, a single
polarity measurement current should not be employed.

The frequency of Ig must be chosen with care. A low frequency Ig

will adversely affect the response time of the control system; i.e., a
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10 Hz Ig will allow only ten temperature measuremen;s per sec or,
equivalently, a system response time much longer than 100 msec. Moreover,
‘a high frequency Ig can cause errors due to stray reactances. For this
reasonh, only a sinusoidal Ig should be employed in resistance bridges.
Thermal éxpansionhdetermines the lower frequency limit. Since the
increase in temperature due to ohmic heating is approximately proportional
to the mean—squaré current times the sample resistance, the temperature
ripple is determined by the frequency and the sample thermal time con-
Istant (Tt)' Duncan et al.23 have shown that the output of a mean-square

circuit with single pole averaging is given by

HR I cos(2w1t + 0)
—_—V (1 +

), (69)
@+ (20,1)H 2

where

_ 1
0 = tan = ( 2wth) ,
the current through the sample is

I(t) = I sinwt,

1

Ht is the DC value of the thermal transfer function, and is a function

of the mean specimen temperature, TO is the sample .temperature without ohmic

heating, and the frequency is sufficiently high so that Rx is constant;

i.e., the temperature ripple is small.23 The temperature ripple is

given by

2
H Ron cos(Zwlt + 8)

(1 + (2wth)

while the average temperature is given by



+T . (70)

To analyze the effect of this temperature ripple, the effective
moving mass attached to the sample (the mass of the lower pullrod and
grip), the compliance of the spring attached to the lower pullrod, and
the compliance of the sample must be considered. A simplified equivalent
mechanical system and its elecirical analog circuit are shown in
Figure 13. (For information on electrical analogs, see References 37 and
38.) ko is the rate of change in length of the sample due to temperature
ripple if sample were perfectly rigid, ﬁiis the actual rate of change in
length of the sample assuming the upper pullrod is stationary, M is |
the moving mass of the lower pullred, K1 is the compliance of the spring

attached to the lower pullrod, and K, is the compliance of the sample.

2
In the equivalent electrical circuit, voltage, current, inductance, and

capacitance represent force, velocity, mass, and compliance, respectively.

Eence the AC analysis yields

. o LC1C2w2
X, =1, =1, C1/|.(C1 +¢,)QA - Ea?q:jz?] (71)
and
Io(l - LClmz)
F, =V, = (72)
2 2 2
LC1C2w
SRR T2
1 2
where © = Zwi, the sample's compliance is given by
K, = ¢, = Lo/(AOE) , (73)
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Figure 13. The mechanical system and the AC electric analog of the
spring, pullrod, and sample.
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E is the specimen's Young's modulus, Lo is the distance between the grips,
and Ao is the sample cross sectional area. Since C2 << Cl’ Equations

(71) and (72) reduce to

I

. 2
1° Io/(l -L¢C, 4m1 ) (74)

and

~ s 2
V) = I 3L 20/(1 - LC, 4w ) . (75)

By rewriting Eduations (74) and (75) in terms of their mechanical

counterparts, using the fact that the peak value of kisIXlPZml, g = F/Ao,

and Xop = Lo at Tp(w), one obtains

2
LoathRon [8

X, = (76)
1P 21 + (20, Tt)z)l/z(l - MK, (2w1)2)

and

2 2
LRI Q- MK e
%p 7172 2 an
2(1 + (2wth) (1 -M K2 (Zml) )Ao K1

where at is coefficient of thermal expansion of the specimen. Note that
Equations (76) and (77) indicate if the radian frequency of Ig is close
to (AMKZ)-l/Z, veyy large AC fluctuations in sample length and stress
could result. Not only would this make strain measurement difficult, but
also sample fracture would be likely. Since M is approximately 1.5 Kg
and K2 ranges from 0.47 to 2.4 um/Nt for the five metals in Tables 1 and
2 on pages 11 and 38, respectively, with Lo = 2.5 cm, Ao ranging from

0.15 to0.26 sq mm, and E ranging from 60 to 210 GNt/sq m, the resonant

frequency ranges from 40 to 95 Hz. If o = 20 ppm/°C, T is 700 °c, T, is
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150 °c, Tt is 0.4 sec, and the resonant frequency is 95 Hz, then the
minimum frequency of Ig for less than 250 2 peak length ripple is given
by Equation (76) as approximately 270 Hz. If A° is 0.15 sq mm and K1 is
70 ym/Nt, the minimum frequency for less than 35 M Nt/sq m peak stress
ripple is given by Equation (77) as 130 Hz. Hence, tﬁe lower frequency
limit determined by the strain ripple is 270 Hz.

Another resonant mode is that of transverse vibration of the sample.
If the sample is assumed perfectly elastic and the pullrods stationary,
the resonant frequencies are determined by the tension (Aoc), and the
line density of the specimen (Aoﬁ) as

Ao
R R a8

Aoo p

If the maximum density of the flve metals in Table 2 on page 38 is
8902 Kg/m>, and L is 2.5 cm, and A is 0,15 mm’. then the mimimm

resonant frequency is

£ = 21201/2 2)1/2 .

1 Hz/(MNt/m

(79)

For an expected minimum applied stress of 35 MNt/mz, the upper limit on
frequency is 1.3 KHz. The severity of this resonant mode is minimized
by the fact that the primary means of excitation by the heating current
is via the magnetic field caused by the current flow. Because there are
no close ferromagnetic materials to the sample, the magnetic force on the
sanple is small. Moreover, no vibration problems have been observed in
an experimental mockup with a 1 KHz heating current frequency. A fre-

quency of 1 KHz was chosen due to noise considerations: it is far
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enough from the 1.92 KHz noise due to the capacitance extensometers and
the 260 Hz noise of the cyclotron environment to allow filtering of
these noise frequencies from the 1 KHz signal. The effects of stray

reactances on system accuracy will be discussed in greater detail next.

III. BRIDGE DETECTORS

Conventional Phase-Sensitive Detectors

To utilize a bridge in a control system, a DC signal must be
derived so that the signal is zero if the bridge is balanced, one polarity
if Rx is larger than balance value, and the opposite polarity if Rx is
below balance value. Usually, this is accomplished with a phase-sensitive
detector (PSD) as shown in Figure 14. PSD's operate on the principal that
the DC component of the product of two sinusoids at the same frequency is
proportional to the product of their amplitudes and the cosine of their

phase difference; i.e.,

(t) = VeV sin (mot + ee) sin (wot + ed)

vpsd d
(80)

vV

- .ed = 8 Yoene( 22,39
vpsd(t) == (cos (ee ed) cos(ZmOt + ee + ed)) .

The double frequency component can easily be suppressed with a lowpass

filter or an integrator. When ve(t) is in phase with vg(t), VPsd = VeVd/Z,

but when they are out of phase, VPsd = —VeVd/Z. When Ve is zero, so is
Vpsd’ regardless of the relative phase. This means that a small relative
phase shift will not affect the balance condition if Ve = 0. Unfortunately,

Ve will usually not be zero due to stray reactances in the bridge. For

instance, if Equations (59) and (60) are rewritten in terms of impedances
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Figure 1l4. Phase-sensitive detector.
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having nonzero reactances, then phase shifts may result as follows:

Ve =V, As(wo)& =V, (Re Ag(w) + 3 Im A (u)) (81)
and
Vg = Vg AR(wo)& =V, (Re £p(w) + 3§ Im AR(wo)j . (82)
Thus Ve becomes
v, = Vg (Re (A (w0) = Aplw D)) + 3 Im(A (w0 ) - A D)) . (83)

If the phase shifts are very small, then the bridge is approximately

balanced when Re(AS(wO)) = Re(AR(wO)). Thus, Ve is
Ve = 3V Im(A (w) - A (@) . (84)

But a phase-sensitive detector will indicate balance if and only if

cos(ee - 8,) = 0. Hence, Gd is very critical for proper balance.

FY

Furthermore, the proper value for 8, will change significantly for

d
different values of Rx’ Substantial phase shifts will be introduced by
the 30 m cables in the bridge.

It should be mentioned that techniques can be employed to compensate
automatically for phase shift error. One technique, shown in Figure 15(a)
largely stabilizes phase shift dependence in RX by keeping the ratio of
RS:Rx constant. In this method, RA and RB are fixed, and RS is the
potentiometer employed to balance the bridge.40 Unfortunately, this
technique would be prohibitively costly because of the very low values

of R_. While this technique is normally employed with Rx's in the tens

of kiloohm range, Rx in Lthis experiment can be legs than 10 mf. This
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(a) RC phase shift compensation where O is the osecillator, A; and A
are attenuators, Ry is the specimen resistance, IT is a twin
tee filter in the feedback path of an opamp to form a band-pass
filter, PR is a photo resistor acting as a voltage controlled
amplifier, PSD is the phase-sensitive detector, and N is the
frequency compensation,

Source: W. Weyhman, "Thermometry at Ultralow Temperatures,'
in Methods of Experimental Physics: Solid State Physics, eds.
L. Marton and R. V. Coleman (New Ycrk: Academic Press, 1974),
p. 500.
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(b) Inductive phase compensatiomn.

Source: J. J. Hill, "Platinum-Resistance Thermometry Using
an AC Inductive Ratio Bridge," ISA Trans., Vol, 7, p. 105, 1968.

Figure 15. Manual phase compencation tcchniques for phase-sensitive
detector.
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causes two problems: for equivalent voltages the power dissipation in
Rx and RS is greatly increased, and due to contact resistance problems,'
potentiometers accurate tc 0.4 uQ (as required by Hastelloy F specimens)
would be very bulky and expensive. Inductive phase shift compensation
has been employed in platinum resistance thermometers (25 ohms at 25 °C)

25

as shown in Figure 15(b). An automatic quadrature detector can be

added to PSD's as pictured in Figure 16. FKowever, alignment of the

\ 41

compensator is critical.
Despite the severe phase problem, PSD's have excellent noise

rejection properties. If the noise component of the error signal is

n(t), then the output of the PSD is

vv

— e d 0y
vpsd(t) =3 (cos(ee - ed) - cos(Zth + ee + ed))
+ Vd n(t) cos(wot + ed) . (85)

Hence, a PSD acts as a DSBSC (double sideband, suppressed carrier) AM
modulator in which the modulating signal is ve(t) + n(t). Therefore, the
noise power spectral density (N (w)) is translated in frequency space by

iwo; i.e., the modulated noise power spectral density is

2
v .
N (w) = % (N(w - ) + N + ) . 22

psd (86)

The implication of this is that the noise can be suppressed if a band-
pass filter centered about W, with a bandwidth less than half that of
the 1nw pass filter is empleyod to filter ve(t) as illuslialed in

Figure 14 on page 64.
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Figure 16. A phase-sensitive detector with>quadrature detectioﬁ.

Source: C. G. Kirby, "The Use of Operational Amplifiers to Generate
Precise Current Ratios for Platinum Resistance Thermometry,' in Temperature,
Its Measurement and Control in Science and Industry, ed. H. H. Flumb '
(Pittsburg: Instrument Society of America, 1972), p. 1518.
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Another approach used to suppress noise in PSD's is to integrate
rather than filter vpsd(t). This technique makes use of the orthogonal
properties of sinusoids; that is to say, frequency components of ve(t)
will yield stationary outputs if they are equal to those of vd(t). Thus,

the output of a PSD is given by

VeVd t+T
Vpsd = { sin(wet + ee) 51n(wdt + ed)dt
. : | e+
v ) VeVd31n((we + wd)t +6 + ed) _ )
psd
T (we + wd) N
t+T
. VeVdsin((we - wd)t + ee - ed) .
T (we - wd) t
therefore, : : ) .
VeV
cos(8_ - 6,), if w = w.
Linv = | 2 e d e 4 (86)
Tow P 0, ifru, # oy '

Thus, noise rejection is excellent if the averagiﬁg time is much.longer
than the period.of waveform, .A poteﬁtial problém with PSD's ié that
distortion in v or distortion due to the éracticél multipliers can

cause a PSD to lock onto harmonics of.the wéveform. Hence; filtering

is normally empldyed to insure that fhe noise components at the harmonics
are much less than the fundamental signa1.40’41’42

Another fundamental limitation of PSﬁ's is the accuracy ofuthe'

multipliers. Circuits employed in multipliers and their limitations are

discussed in Reference 43, Typical four—quadraﬁt multipliers have low
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frequency errors of about 17 full scale including feedthrough and
nonlinearity, although an order of magnitude better accuracy can be
obtained with multipliers operating cn the pulse modulation principle.
Unfortunately, vector errors typically reach 0.5° for frequencies above
a few kilohertz, and pulse type multipliers have much poorer performance.
Moreover, multipliers are generally very noisy devices: typical noise
level is approximately 500 pV with state-of-the-art devices achieving
50 uV rms noise over a noise bandwidth of 5 Hz to 10 KHz. Thus, for

1 KHz operation the error signal must be greétly amplified, and phase
errors in the bridge must be minimized to make the performance of PSD;s
acceptable. To ensure a large input signal to the multiplier, an AGC
amplifier is normally placed ahead of the multiplier as pictured in
Figures 15 and 16 on pages 66 and 68, respectively. However, this
necessitates the use of a tracking expander following the PSD to ensure
stability of the control system. Expanders and AGC amplifiers are

discussed in great detail by Duncan et a1.22’23

Phase-Insensitive Detector

A thorough literature search révealed that PSD's were always
employe@ to detect Ve in AC resistance bridges. However, a technique
for measuring Ve that 1is independent of phase shift introduced_by
stray reactances in the bridge, would be highly desirable. A sum or
difference of two AC signals independent of their phase or frequency
is accomplished by first converting them to equivalent DC signals before
addition or subtraction.23 Hence, instead ofvdetecting Ve directly, VR

and VS are detected separately and are each converted to a DC signal by

either average-magnitude, peak or rms detection as illustrated in Figure 17.
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(a) Phase-insensitive bridge detector.
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(b) Peak detector.
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(d) Average magnitude detector.

Figure 17. Three types of detectors for use in a phase-insensitive
bridge detector.

Source [parts (b), (c), and (d)]: M. G. Duncan, D. Rosenberg, and
G. W. Hoffman, '"Design Criteria of a Universal Compandor for the
Elimination of Audible Noise in Tape, Disc, and Broadcast Systems,"
Jour. Aud. Eng. Soc., Vol. 23, p. 614, Oct. 1975,
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The importance of phase insensitivity 1s illustrated by effects of
cable and detector input capacitance on the bridge employed in the ORNL
experiment. In Figure 18, the four 30 m cables connecting nodes 1 through
4 to 1' through 4', respectively, are mcdeled as 10 resistors shunted to
ground by capacitors. The caﬁacitances shown in.Figﬁre 18 are based on
a cable capacitance of €6 pf/m and amplifier input capacitances of 20 pf.
In Appendix B, eq;ations were deriyed for Vs’ VR’ and V, in terms of ch

A

and Vg' Taking component values as shown in Figure 18 with the frequency

of Vd and ch of 1 KHz, Vs’ VR>and VA are given as follows:
V_ =V _ (0.999990086 - §3.15572 x 10 >
S cm
- V,(0.166664997 - 35.25.951 x 1074, (87)
. -3
Vo = V__ (0.999982401 - 4.20145 x 107°)
- Vg(0.166663734 - j7.00242 x 1074 R (88)
and
v, = V__(0.999999999 - j1.2902 x 1077
cm . .

- V,(0.499973334 - 36.338 x 1079 . (89)

Since the values of RA and Ra where determined from Equations (65) and
(66) on page 54, the bridge will be perfe. 'v balanced at DC. Hence,
any errors are due to reactances in the bridge. For the phase-sensitive

detector, Ve is giyen by
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Figure 18. Kelvir bridge circuit used to calculate the error -due
to stray capacitances.
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6

V=V -V =V_(7.6849 x 1070 + 31.045727 x 107°)

e s R
S S -4 '
- Vg(1.2634 x 10 ~ + j1.74290 x 10 ) , (90)
while for a phase~insensitive detector, the error voltage is

Vpid

lvg = v, | - [vR -V

al al

© + 33.142822 x 1077)

|-V ,(9.913 x 10~
+V_(0.333308337 + 35.32289 x 1074 |
- |-V, (1.7598 x 107> + 34.188548 x 107°)

+ Vg(0.333309601 + j7.06580 x 10'4)| . (91)

Specific values for Vg’ Vd’ and ch may be used to clarify the

difference in performance beétween PSD's and PID's. For example, if

\'A =0,V

om q°- 2, and Gg = (0, then the filtered output of the PSD as given

by Equation (80) on page 63 is

V.= -V_1.74295 x 10"* cos 89.5847° = -1.263 x 100 v _,
psd g g
while Vpid is given by Equation (91) as
V.. =-1.588 x 10°° v
pid . X g .

The apparent deviation of Rx from set point (Rxs) is given by Equations

(62), (65), and (66) on page 54 as

ARX i Ve(Rxs + RS)(Rx + R+ ry) e
R V R_R oo
Xs g X8 s g

. (92)
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Thus, the error in Rx is -6.064 and -7.622 ppm for PSD and PID,
respectivelyz For R.x to be accurate to 7.622 ppm, ed must be between

-0.9373° and 0.1067°. However, results are dependent on V.. For

instance,

V.= 4V 3.48583 x 10 % cos(89.5761°) = +2.576 x 10 C v
psd g g

and

A

-6
2 -
pid 1.210 x 10 Vg

for V. =V /2, while foxr V._ = -~V /2
cm g cnm g

Vg = Vg 6.97172 x 1074 cos 89.5804° = -5.106 x 10°° v

psd g

_ -6
Vpid = -10.235 x 10 Vg

To make the accuracy of RY as measured by a PSD equal to that measured by

a PID, €, must lie between -0.6306° and -0.2000° for ch = Vg/Z and

d

-1.2608° and 0.4216°. While this phase accuracy is not impossible to
obtain, the calibration of ed is somewhat complex. However, calibration
of P1D's is very simple.

The fundamental calibrations for PID's are gain matching between
the two AC/DC converters and DC offset. Calibration is readily
accomplished in situ by throwing switch SB’ in Figure 12 on page 56, to

position cal. This forces Ve to be zero; hence, Verror should also be

zero when the PID is perfectly calibrated. Hence, gain matching is easily

obtained by adjusting for zero Ver with a large Vg’ while DC offset is

ror

easily adjusted by setting Verror to zero with a zero or small Vg'
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However, since PID gains must be matched, linearity of the AC to DC
converters is of the utmost importance. The effect of gain mismatching

is illustrated by the following equation:

Verror - IVs - VAl Gs - W=Vl €

R A' R
or if the bridge is balanced, . ' (93)
A A
Vorror = 17, = vyl 6, 2 - shoe o0 T
error s A s GS RA + RB + Ty + Ty
AG 100% (Gs - GR)IOO% _
where C = G = the percent mismatch in gain and in non-
s s
linearity between the two detectors. Since the apparent Ve is Ve:ro;/GS’
the apparent ARX/RX as given by Equation (92) is
AR (R_.+R_+ 1) AG
X o X_._.u -S ,.-..,..Y..._;w_-tg N (94)
R ) R G
b4 s s

If Rx/Rs lies between 0.1 ;nd 1.574 (as in the Oak Ridge experiment)
and ry/RS is 0.1, then the sensitivity of ARX/RX to AGS/Gs'ranges from
1.2 to 2.674. Thus, for Rx control accuracy of 10 ppm, the two detector
gains must track each other to within 5 ppm for the duration .of a test.
Note, however, tﬁat a magnitude of AG;/Gs substantiallynléééer than

. ,
5 ppm can be allowed since the temperature set po;ntfﬁged only be known
to an accuracy of about a degree for adequaté‘¥epeatability as discussed
in Chapter II. AGs/Gé need only remain constant to within 5 ppm during
the test. For example, for a 316 stainless steel specimen at 700 fC

with R.x = Rs’ a constant gain offset of 123 ppm will cause the control

system to maintain an average specimen resistance that differs from the
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desired set point by 258 ppm; i.e., the sample temperature will be off
set point by a stationmary 1 °C. But if the gain offset drifts 5 pPpPm,
then the sample temperature will drift by 0.04 °C. The limitations of
AGS/Gs will be discussed in Chapters IV and V.

The type of detector influences the noise rejection properties of
the PID. The peak detector may be analyzed as an envelope demodulator.

Narrow-band noise can be represented by the following expression:

n(t) = nc(t) coswlt - ns(t) sinwlt . 22 (95%)

If the signal (s(t)) is represented by A(t) cosw,t, then the signal plus

1

noise is given by
s(t) + n(t) = An(t)cos(wlt +8) , (96)
where

A (6) = (AX(6) + 2A(0)n (&) + n2(e) + n(e)) M2

-n_(t)
- - s . .
and 8 = tan (A(t) - nc(t)). Since An(t) is the envelope of tﬁe noisy

signal, the noiéy output of the PID will be

Voiap(®) = AXE) + 2(0)n (0 + 2 (6) + nl ()7

- (a%(0) + 2A(Bn_y(8) + n)(6) + nﬁR(t))I/Z , (97)

where A(t) = As(t) = AR(t), and the s and R suffixes indicate components

of V_.and V, respectively. Using the first two terms of the Maclaurin

/2

. , 1 , .
series expansion for (1 + x) ,» Equation (97) may be rewritten as
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2n__(t) - 2n_(£) , nis(t)+n§s(t)—nik(t)—niR(t)~
: A(t) A2(t) ¥
(98)

(r) = &)

Vpidp

Equation (98) is valid if the noise voltages are much less than the

signal voltages. Assuming that n, =n, - np,

2 2
@ = © cR(t)n (t) + nsR(r)nse(t) + nce(t) + nse(t)
pldp Bce A(t)
(99)
Since the noise voltages are much smaller than A(t),

Vpidp(t) = nce_(t) . (100)

Since nz(t) = n2 (t) + n2 (t) = 2n2 (t) for random noise

e ce se ce ’
vi o (6) = nl(e)/2 ; (101)

pid* e !

that is, the signal-to-noise improvement is 3 dB for random noise.
The noise rejection properties of PID's employing rms detection is

easily analyzed. By definition, the rms sum of signal and noise is

[(s(o) + n(t))z]llz = [sz(c) + nl(ey| M2 (102)

if signal and noise are uncorrelated. Therefore, the output of the rms

PID is

Voiar(®) = (2o + oZo] V2 - [0 + 2022 . (103)

Again assuming large signal-to-noise ratios, the first two terms of the
Maclaurin series expansion for (1 + x)l/2 can be used to approximate

Vpidr(t) as
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(104)

where Ns and NR are the rms values of ns(t) and nR(t), respectively.

Assuming that Ne =N =-N the noise output of the rms PID is

s R’
NR Ni Ne Ne
Ypiar(® =g Ne T35 = Mot ) 5 - (103)

Hence, for 2 rms PID, the signal to noise improvement depends on the
common mode noise. Since NR will normally be much less than S, the
noise improvement can be substantial.

Analysis of noise performance of a PID employing average magnitude
detection is somewhat involved. Fortunately, aralysis becomes manageable
if the narrow-band assumption is made; i.e., noise is given by Equation

(95) and A(t) is slowly varying with respect to cosw,t. Assuming a large

1
signal-to-noise ratio, An(t) as given in Equation (96) reduces to
A(t) + nc(t), while 9 can be approximated by ns(t)/A(t). Therefore, the

full-wave rectified signal plus noise is
s(t) + n(t) = (A(t) + nc(t)) cos(wlt + 0) . (106)

The average magnitude of signal plus noise is

m
I_s
)
Ts(0) +n(0] =3 [ (A(t) + n_(£)) cos(s + 8)d¢
m
T o (107)
LA
(A(t) + n_(t)) 2 2(A(t) + n_(t))
S | cos(¢ + 8)d¢ = .
m n
T
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Hence, the output noise of an average-magnitude PID is

\' 2nce(t)/w . (108)

pida -

Since the signal is also multiplied by 2/w, the S/N of the average-

magnitude detector is essentially the same as the S/N of a peak

detector. S/N would of course be the same for a half-wave detector

since both signal and noise would be half that for a fuil-wave rectifier.
The type of detector affects both accuracy and transient response of

PID's. Root-mean-square converters are principally two types: computing

and thermal. Computing rms detectors operate by calculating the rms

value directly: analog multipliers are employed to square the signal

which is then passed through an averaging low-pass filter, then the

square root is taken to yield the rms value. Computing detectors are

43 Duncan et al. have

generally limited to accuracies greater than 0.1%.
shown that ripple attenuation charactgristics of the low-pass filter can
substantially affect the aCCufaCy.23 Although the ripple compounent dves
not affect the accuracy of mean square signal, the square root operation
causes the ripple to have a DC component. Hence, further filtering of
the ripple after the rms detector cannot eliminate ripple error. Thermal
converters, on the other hand, achieving accuracies of 0.001 ppm from

40 Hz to 10 KHz increasing to 100 ppm at 10 MHz have been reported.44
Unfortunately, thermal converters are slow: rise times are greater than
100 msec and fall times are greater than 300 msec.45 Incidentally, all

45,46 Thermal

rms detectors have slower fall times than rise times.
detectors sense the temperature of a resistor that is ohmically heated

by the signal.
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Theoretically, peak and average detectors can yield accurate
results if the waveform is known. While rms detectors are insensitive
to the phase of harmonics, average and peak detectors are sensitive,
peak detectors being more sensitive to phase than average detectors.
If the nth harmonic is in phase with the fundamental (that is, the
fundamental's zero points coincide with zero points of the harmonic)
and the amplitude of the harmonic is less than 1/n times the fundamen-

tal's amplitude, then the output of the average detector is

3 |

T
v, = | (sin 6 £ B sin n@)d8 , |B| < 1/n
0

%(1t%), n is odd
= loa (109)
o s N is even .

If eithef of the above assumptions is not valid, then computation of Va
becomes very complex since the zero points of the composite waveform
must be known. However, Equation (109) gives a good egtimate of the Va
for very small B.. The range of v, for various harmonics is given in

Reference 47. By inspection, the range of a peak detector output is

v, = AQ £B), |B| << 1. (110)

Maximum and minimum values of Vp occur when the maximum values cf the
fundamental occur simultaneously with that of the harmonic. However,
the output of the rms detector is -

1/2

2
S (111)

\Y = A(
rms
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This indicates if severe phase shift occurs during a test, the error
voltage could drift by *AB/n, *AB, *0 for average, peak, and rms PID's,
respectively. However, phase shift drifts in the bridge are very small.
The principal phase shift drifts would be expected to come from the
bandpass filters employed to suppress noise and harmonics. These phase
shift drifts should be due primarily to drifts in the center frequency
of the filter. For instance, if a second order bandpass filter is

employed, the transfer function is

Hojw .
H(jw) = . iTo _ Tzwz . (112)
Q
The sensitivity of H(j ) to T is
o|HGw) | _ (1 - 20?1 + 1%, (113)
T T - T + 9 ‘
[H(jw) Q

From Equation (112), the normalized attenuation of the second and third
harmonics is -14.65 and -19.55 dB, respectively, where Q = 3.54, and the
fundamental (wl) is w, = T_l. But the sensiﬁivity at the first, second
and third harmonicé is 0, :14%19, and 324%29, respectively. Hence, T
stability is not very critical. 1In fact, a change in T of #50 ppm will

cause a change in |H(jwl)| of only -6.27 ppm. Since the rate of phase

change with respect to T change is

2 2 :
%%_= _ w(T w” + 1) — (114)
; 2 2,2 T w
(@ - 12?2 + T8y
Q
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the phase change rate for first, second, and third harmenies is

° 2 a9° -7 BA® - .
'40?{65 . 717537,, and-wzﬁgg-, respectively, Iﬁ T increases 1.7 ppm,

the shift in phase of second and third harmonics with respect to the

fundamental would be -0.00066° and -0.00068°.- Such small changes in
phase are ingopseﬁuential compared to the amplitude chamges. Bgcapée
of the lower sensitivity of harmonics Eo changes in T and the low phase
shift sensitivity, harmonic distortion does not‘substénciélly‘éffect ,4
the accuracy of the PID regardless of the type detector, -

In conclusion, PID's are viable éltgmﬁt,ive.s to PSD's for use -a_s -
bridge detectors. PID's achieve phase insensitivity in'exghange'fpr:
gain sensitivity, Both types of detectors require filtering qf the
bridge signals to reducg the effects of noise and distortion on
performance. A rms detector is the best eand#dggg for uyse as a PID if
fast response is not important. This is b%@éﬁge 9§ its Sﬁperior noise
rejection properties, waveform insemsitivity, and accuracy. Where fast
response is desirable, an qvérage detector should be'useg.

Accuracy limitations of practical rectifier circuits will be
analyzed next. Root-meanvsquare detectors areAdisgussgd in

References 44, 45, 46, and 48,



* CHAPTER IV
.. PERFORMANCE OF PRACTICAL RECTIFIER CIRCUITS

I. RECTIFIER CIRCUITS

vPhysica; Diode Models

. ,The ideal diode would havg_chgrac;g;?st?cs as shown iq Eigu;e 19(3).
Such a diode would make a pertect rectifier. ‘Unfértupanly, practleal
diodes have chagacteristigs:assgic;u:ed in ?igu;ej19(c)? ‘fhe PN

junction.diode characteristic qan'bevapp;qximatgd:by
ID + Is(exp(q VD/m kT -1, - - - (l15)

whex:eAID and Es are thg.Qiode cgrpent agd ggvg:sg'satgrgtion'cqr;én;{“
respectively, V, is the voltage across the diode, k“is’Bolggmanfs con-
,stant, T is t@g absqlqte temperature of the PN junetion, q 1s the
magnitude of the charge:of ag'elgct;on,‘apd‘m is QnAempirical fa¢to;
ranging between 1 and 2~4§?€9 As Figqyg 20(b) illustrates, m = 1 for
moderate currents where ;D iswdomipgped py diffugigp current, but m = 2
at very low and very high currents due to recqmbiqatiop current apd»
high injection effects.49 For an introduction to semiconductor theory,
the book by Pierce and Paulus is highly recommended.50

Bipoelar trancictoreo can alsc be employed as rectifiers. The

collector current of a transistor can be approximated by

I = Is(exp(q VBE/m k T) = 1DDa +1I (116)

c CBO ’

where Is and I are the emitter and collector reverse current,

CBO

84
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A

5 - ..V

(a) Ideal diode.

PR

— N 0
R
r

(b) Third order piece-wise linear diode model.

Ao

0

- =i . - -

/ |==~ Scale Change VD

(¢) Real diode.
Figure 19. Diode models.
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1 naf—
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VP

1000/ T(°K)

(2) Reverse current at V_ = 1 V as a function of temperature. Dots
designate primarily generation-current type, circles designate
primarily diffusion-current type current-voltage chgracteristics.

Dashed lines represent temperature dependence of n solid

i b
1ines that of ni.

Figure 20. Current-voltage characteristics of practical diodes and
transistors.

Source: A. S. Grove, Physics and Technology of Semiconductor

Devices (New York: John Wiley and Sons, Inc., 1967), pp. 179, 190, and
221,
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(b) Comparison of the forward current-voltage characteristics of
the germanium, silicon, and galliuT aTienide diodes 75 25°C.
Dashed lines indicate slopes of eNlVFI/KT angq e4 Vel /2T
dependences.,

Figure 20 (continued)
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(c) Collector and base currents as a function of emitter-base
forward bias for the pnp transistor. (VCB = 0)

Figure 20 (continued)
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respectively, V., _ is the base-emitter voltage, and a is the common-base

short—-circuit current gain.49’50’51

BE

It is evident that neither dio&éé nof tfansistors have sufficient
accuracy as rectifiers for use as pridge detectors in this experiment
if they are driven by Qolfége sourcé;. Howeber, if they are driven by
current sources as shown‘in Figuré 21(a) accuracy is dramatically

impreved. In this case, the diode current is readily calculated if

matched diodes are assumed; i.e., I =1 =T and
s sl s2
Vp=mk T/q-= Vg = Vpoo Thérefére.
L =zID1 f-IDZ = 2 IS sinh(VDl/VT) . (117)
where
and
IDZ = Is(exP(-VDilvT) - }) . | (119)
VDl is obtained from Equafion (117) as’
v oov et ]
gpl‘: VT s%éh (Iln/z Is) . (120)

/

Using the identity sinh 1x = In(x + (x2 + 1t 2) obtained from

Reference 52, Equations.-(120) an& (118) yield -

I -1 -
o= 1 (G4 a2y, 1J

pi s “2T 21
S S

. (121)

The average value of I . can:.be.computed, assuming that Iin is IS2Bcoswt

D1

as follows:
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Figure 21. Precision rectifier c¢ireuits.
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Figure 21 (continued)
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2m I 2w
— 1 _ s 221/2__
I, = 5 é Iy, 40 = 5> é (B cos 8 + (1 + B“cos“s) 1)de
I n/2 2 .
= -2 [ac1 + 3H1/2 [T -2 sinZ0) 1/ %a6 - 2n]
0 1+B
I
=-5§ f[ex + 892 g8?2/(1 + 8% - 2n] (122)

where 6 = wt, E(m) is the complete elliptic integral of the second
kind, and m = 32/(1 4+ B). 'Because m is very close to 1 for reasonable

signal levele, it is convenient to define a new variable

m, = 1 -m= (B2 + 1)~1. From the MBS math tables,52

written as follows:

E(m) can be

4
1+ ngl'(an ml“'» b_ mln n(m)) + e(m) , (123)

E(m)

8 for 0 2m 21 with lim e(m) = 0. Neglecting

mtl

where |e(m)| < 2 x 107

terms where n>1, E(m) becomes

EGBS/(1 +B%) = 1+ (8% + 1)'1(a1 +by In (1+ 8%y) ,  (124)

where a1 and b1

two terms of the Maclaurin series expansion for (1 + X)l

are 0.44325 and 0.24998, respectively. Using the first
/2, the

average dicde current is approximately

2
I 2|B| 1 l+a1+b21n(1+B) ) 1)
) S (11 + 2i" z|8]” -

D1 . 2 B 1 + 3%
(125)

ay + bl In u bl
Since lim ( ) = lim (—) by 1'Hospital's rule, the percent
u>o u e O
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error of ID referred to the ideal half-wave rectifier output (IS 2 |B [ /)

1

may be given by

P =P, +P (126)

e dc  "nl
= Pdc’ for very large B,

where

Py = -50%/B (127)
and

1 a; + bl in (1 + B2)
P, = 100% (—— + 5 )
2B (1+8B )

(128)

14

100% (0.5 + 0.44325 + 0.49996 1n B)/B2 .

Note that Pdc amounts to an error due to a DC offset, while Pnl is a

nonlinear error. Since Pdc may be. cancelled with a DC offset adjustment,
only Pnl is important. For a very small signal level of B = 104, Pnl
is only 6.7 x 10_8%. Therefore, the tﬁeoretical limit to accuracy of
rectification via PN junction diodes is very low, indeed.

Unfortunately, this limit is unattainable since ideal current
sources cannot be built and straf capacitances were neglected in the

calculation. The performance of practical precision rectifiers will

be examined next.

Practical Precision Rectifier Circuits

In the previous section, it was shown that driving diodes or
transistors with a current source results in a precision rectifier.

One method of achieving current drive is to place the diodes or
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transistors in the negative feedback loop of an opamp as illustrated

in Figures 21(b) and 21(c) on page 90. To illustrate how this achieves
current drive, consider the circuit shown in Figure éZ(a). Here, the
rectifying Pﬁ junctions (diodes D1 and D2 ér the base-~emitter junctions
of transistors Ql and Q2) and their series resistors (Rl and RZ) are
represented by an equivalent nonlinear feedback impedance (ZF). Using

the equivalent circuit shown in Figure 22(b), the loop equations are

Vo - (Zineq + Zf) If + Zineq Iin
(128)
v = _(Aol zinequleq + 7 y I, - Aolzineq Zleq Iin
a z leq’ °f zZ ’
o o
where Zineq = zin||23 and Z1eq = ZLIIZO. Sclving the loop equations

for If, one obtains the following expression:

I. = -Zineq 1+ Aol leq/z ) I

f Z0eq * 28t Lineq LA leq/zo?

(130)

Note that Equation (130) is that of current division between two

impedances as shown in Figure 22(c). This indicates that the effective

impedance of the source (Zin) is Zineq 1+ Aol zleq/zo)’ Since
Z; >> Z and Zi, > Z3, Equation (130) simplifies to
-Iin zin
=7 3z +2.° (131)
in o} £

where éin = 23 1+ Aol)' Hence, by making the opamp gain (Aol) very

large, Zin is also made very large. For instance, if Zin = 2KQ and

Aol is 1000, Zin becomes 2MR. Therefore as Aol increases, the accuracy
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Iin |:j|23 z,
(a)
Vf VO
Zln Aol
Im 23 Vs 2_on Zo ZL
A If Zf ) N -
(b) J| }
— %
L | -
ZLeq.
Iin Ag Z
Zin=zineq Z, ZLeq+ 1
(c)

Figure 22. Equivalent circuits of a shunt feedback rectifier.
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of the rectifier incresses. Factors that cause additional errors and

error analysis will be presented next.
II. ERROR ANALYSIS OF PRECISION RECTIFIER CIRCUITS

Approximate Piecewise-Linear Analysis

A substantial simplification_in the analysis of a precision
rectifier circuit can be made by employing piecewise-linear, third-order
or second-order diode models as shown in Figure 19(b) on page 85. The
second-order model (i.e., Rr-*w) has been employed by Thomason to
analyze a precision rectifier.53 However, the more general approach of
a third-order diode will be utilized here. Equivalent circuits of a
general piecewise-~linear rectifier is shown in Figure 23(a). Further-
more, let Aol be independent of frequency. Then the node equations of

the circuits are

Iin + Ie + IDl - IDZ =0, (132)
where
Iin = Vin/R3’ Ie = (Vo - Vf)/z.:m ’

I = o - Vf,-,YEl

D1 Rl + RDl
and | (133)

. _ (Vf - Vo - VF)

- 3
D2 RZ + RD2

where RDl = Rfl and RD2 = sz if ID1 and ID2 are greater than zero,

respectively; otherwise RDl and R.D2 are equal to er and er,



97

ORNL-DWG 76-19126

R3 Vg R, Ver 1| Dy Ry
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ng ——
: Vv
f Ry
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T o yin
R2 D2 Rz
——\\W\— {1 >—wW—
= Ip2 -
VF Ry2
W\ -
Ao
VO
1] +

<

Ip2 Ry -

-

(a) Equivalent circuits of piecewise~linear rectifier circuit where

Rfl = sz, er = er, and Dl and D2 are ideal diodes.

Figure 23, Circuits used for pilecewise-linear analysis of rectifier.
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(b) Input voltage showing the various states of the circuit.

Figure 23 (cpﬁtinued) .
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respectively. Solving Equations (132) and (133) for ID and IDZ’ one

1
obtains
\'4
in 2 1
B R S S sl B
D1 @)+ Bpp) - - "
and o
in 2 : 1 ;
TP TR A, 0 R
o 1 DL 73 Tol (135)
I, - &, ¥ 1) !

where R, = (R, + RD1)||(R2 + Rpp) [ (Ry(a ;) + 1)) There are three
states in the circuit: (1) Dl on and D2 off, (2) D1 off and D2 on, and
(3) D1 and D2 off. From Equation (134) D}l is gp (IDI > 0) when

2 R R.

3 3 ‘
— 4 ) L (136)
TR Ry <A91 b '

T

2

V, <V V.(

in © Vinel T 7 'F'R

Likewise, from Equation (135), D2 is on when

2 R3 R

r

3

PR —

1

1

vV, >V V_(

in inc2 © 'F'R (137)

State (3) occurs when vin e(vincl’ vincz)’

It is important to note the difference betweén'a‘voltage output
rectifier of the type shown in Figure 21(b) on page 90 and a current
output rectifier as illustrated by Figure 21(c) through 21(e) on pages 90 and.

91. In a current rectifier, the output isa funcﬁion (ideally lineaf) of ID,

IE’ or 1T

g+ However, the output of avoltage rectifier (VRl) is given by

Vv =V

- +R, I

£7 1D (138)

As will be shown, the current rectifier has beccér performance than a-

voltage rectifier as a peak detector or, if thg-diodeélare not matched;
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as an average detector.-;For.instance, the peak value of IDi can be ..

obtained directly from Equation (134). Since the ideal value of .I .. 1is

D1
-V. /R, for Vv < 0, the instantaneous or peak error is
in" 73 in
N ?cp ;‘Pésfﬁ + Pcécﬁ .
where
-R_ 100%
P P
csfp ] (R (A +. 1))|I(R 2)
" and : ‘ : (139)
R3 g V 100%
cdcp ) R 4 R .
2 2
LRy + R (Ry(A g + ) =5V,
Vf is found from Eduations (132) and (133) to be
Vin o
&tV ( (140)
f ' A + 1
ol

Mby using the identify-Vé ;f—Aol Vé:i Siﬁée the ideal voltage output is

VRl = --R1 Vin/RB’ the instantane??g‘or P?ék errcr is given by
Pvpii Pvéfp + Pvdcp

where = R e

N > T IR, + R 1 P

vsfp ~ Ry (A ; + D). wooel cestp
apd co . . . P - (141)

Pydep © (R(R(zz ?A 1)' ip;) E3R’ y * D Peacp
P 1 VeR38gp 2 7 %2 caep
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Note that while the scale factor error of a voltage output rectifier: is
greater than that of a current output rectifier, the DC errors can be

identical only in state (3) where the error is high. In state (1), the
region of good rectification, RD2 = er >> RDl + R1 = Rfl + Rl; there-

fore,

!
IPvdcpl g |Pcdcp|

The errors calculated from Equations‘(139) and (141) are graphed

£ equal to 0.525 V and 160 ohms,

respectively, were chosen as appropriate values for simulating silicon

in Figure 24(a), (b), and (c). VF and R

diodes and transistors; Rf=:1609 is the dynamic forward resistance of

an exponential diode at a quiescent current of 0.16 mA with VT = 26 mV.
These graphs show that the ‘second-order diode model yields increasingly
lower error values than the third-order model as A.ol increases. Note

that as Rl + RD1 approaches zero, the scale factor and DC errors for

the current rectifier approach zero and

R

2 v’
-VF'ZOOA (R3(A01 +.1) + '—2——)
(A01 + 1)(Rr2 + RZ)
respectively. R =0 canAonly be utilized in current ouﬁput rectifiers

1
since Equation (138) .shows that Vrl would equal Vf~if R, = 0.

Figure 24(a) and 24(c) show that the current rectifier has better
accuracy as a peak detector for identical component values, while
Figure 24(b) shows that the performance of the current rectifier is

substantially improved by setting R, to zero particularly at high input

1
voltage levels. Finally, the graphs show that increasing Aol improves

accuracy, particularly if R,, is very large.
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(a) Peak error of current output rectifier with R1 = R2 = 2KS:.

Figure 24. Error analysis of preéision rectifier via piecewise-

linear method.
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Figure 24 (continued)
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Figure 24 (cdntinued)
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In analyzing the a#erage error of the rectifier, all three states

must be considered. The average output current is

I+ I+ I+
I dp =13 ‘2221: 337 41 (142)

=
| el ol

where Iij is the integral cf IDllover the interval [ei, ei+1] in which
the circuit is in state j, 65 =0, + 27, and Vin = Vinp sin¢ (see

Figure 23(b) on page 98. Iij is given by the following equation:

0341
Iij = J’ Im dé
i

16
V. cos ¢ y 1+1
“inp _ 2 1 4 :
Rp[ R VF(R + Ry TR (A +1))¢]§
3 2 D2 3 Yol ,
= T ) .ei » (143)
1.7 o1 -
where ei is given by the following ekpressions:
6. = sin-l(V A )
1 incl’ "inp’ °
6, = sin_l(V v, ) : | | (144)
2 ine2’ "inp’ °’
8., = -sin-l(V /V, Y+ 7m=-8,+4+n
3 inc2’ "inp 2 ’
and
8, = -sinﬁl(V /v ) + T =-8. 47
4 incl’ "inp 1 '

Therefore IDl is given by the following expression:
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R, R,
25 L @y -8 g (m =28y R(W-ZG)]
plt - 1

T -1 |y pp3 ___pp? +
D1 2 F Rl + er Rppl(Rl + Rfl)
2Vinp {Rpl cose1 RPZ cosG2 + Rp3(cosel - cosez) ]
* R R, + R, R, + R (145)
3 l 1 f1 1 rl ‘
o 2 an
where R =R and R . = R A T+ 1 in the 1th state.
R and R o= (R ( ] C2 22,

Using the small angle approximations, € = sin 6 and cos 6 = 1 - 6‘/2;.

Equation (145) may be simplified as follows:

— vinp R ) i R ) VFnR3 ( sz +. : Rpl
DI Rym |R; + R, R+ er zxinp l 1)pz(R +R_) (Rl Rg,)
- R \ - R
¢ incl)Z_l( pl _ p3 ) - ( 1nc2)2 l( 23 22)
Vinp = 2Ryt Ry Ry RV, T 2Ry HR,
+ F incl R3 ¢ p3 Rpl )
2 R, + R R, + R
Vinp Rpp3 1 rl 1 £l
V., V. . R R .
_ F 1ncz 3 (4p3 _ _p? ) (146)

1 (R +R_ ) pp3 Rpp2

Since the ideal value of IDl is Vinp/(Rsn), the error is composed of three

parts:

Pce - Pcsfe + Pcdce + Pchle ? (147)

where the scale factor error is

Rpl _ RP2
Ry + Ry R +R,

Pcsfe = (

- 1) 1007% ,
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the DC error is

> L VF'nR3 [ sz \ RRl | S0z
cdce Vinp RppZ(Rl + er) R.ppl(R1 + Rfl)
and the nonlinearity error is
P . _ Vincl . Rpl _ 3p3 ][VFR3 + Vincl] 1007
cnle 2 'R, +R R, + R_,° 'R 2 °
Vi 1 f1 1 rl “pp3
np :
inc2 VFR3 Rp2 Rp3 VinCZ(RPZ B Rp3) o
+ [ ( - ) + ] 100% .
2 'R, + R R R 2(R, + R_.)
Vinp 1 rl “pp2 pp3 1 rl

Substituting for Vincl and Vinc2 the equivalent expressions given by

Equations (136) and (137) on page 99, Pcnle may be simplified to

2.2 .
. V2 RS 100% | ( Rp  Ro )
cnle v 2 R 2 R1 + Rfl R1 + er
inp pp3
1 1 1 1 1
+ R ( + ) - R ( + )
R_.(R, + & 2 7R 3 ] 7R
pq3R1 ¥ Rep) P2 Rypp pq3 P> Fpp3 pa3 |

R1 + er
g3 = Ry + 1))

where R

Note that if the second-order diode assumption is made, the error terms

reduce to

(Bi - 1)100%
o 3
csfe (1+ Aol Bl)

T

—VF1TBl 507

inp(1 + A

~

Pcdce v

s (149)
ol Bl)
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2 9
Vg~ B; 1007

Pcnle 2 .
Vinp (A01 + 1)2(1 + A

14

’

01 B1)

where the voltage feedback ratio in state (1), Bl’ is R3/(R1 + Rey + R3).
To calculate the average error of VRl’ the mean value of Vf must be

known. Integrating Vf in a manner similar to that used for IDl’.v;

becomes
Ve = _(Z:D?I{T)' e'l{Rpl(Rz i R, “Rl 4l~ Rﬂ) t Ros (Rl ']i.' R, R, ']4: Rjz’]
+ 6, [sz(Rl Jlr R, X, i sz). + Ro3 (Rz '::: R, X i er)J
+3 [Rpl(Rz ; R, R : Rﬂ) - Ro(R i R., R : er)] -+ (150)

2 f2 1

Using the small angle approximation where 61 = Vincllvinp and

02 = VincZ/Vinp’ expression (149) can be rewritten as
o . _vinp 'F_ |Vinel [R el 1 s ip o1 __1 )]
F 'rr(Aol + 1) Vinp2 pl R2+Rf2 R1+Rf1 P3 R1+Rr1 R2+Rr2 |
Vinc2 1 1 1 1
/YN S SN S
v 2 ("p2 Rl & er P‘z + sz p3 R2 1 er Rl i Rfl
inp )
Ul 1 1 1 1 .
+ — [R ( - - ) - R_,( - )] .
2 p LPLR, F RO TR R, p2'R, + R, R, + R
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Since the ideal value of V., is Vinp/"’ the total average error is

Pve . vafe + Pvdce + pvnle ’

where
vafe = Pcsfe i
. oy ) m 100% VF [R , 1 _ 1 )
vdce cdce 2(Aol + 1)Vinp rl Rl + Rfl R2 + er
1 1
+R( - )],
2 Rl + er‘ R2 + sz
and (152)
P ~ P Ty 1% v [R( 1 - L )
vnle cnle (A . + 1)V 2 incl{"pl R2 + er R1 + Rfl
ol inp
1 1 1 1
+ R . ( - )] ' [ ( - )
p3 Rl + er R2 + er inc2{ p2 R1 + er R2 + sz
1 1
+ R_,( )]
3R2+Rr2 R1+er

Since R., << R__ where i is 1 or 2, the magnitude of P and P
ri vdce

fi vsfe

is larger than that for Pcdce and Pcsfe’ respectively, but the magnitude

of Pane may be either less than, equal to, or greater than that for

P If the second-order diode assumption is made, the error compo-

cnle’

nents become

vsfe Pc:sfe :
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B, - B

1 2
P = P 1+ ]
vdce cdce Bl(l + AolBZ) ’
and (153)
2(B. - B,)
1 2
P = P [1+ 1
vnle cnle Bl(l + AolBZ)
where B2, the voltage feedback ratic in state (2), is R3/(R2 + sz + R3).

Figure 24(d) and (e), pages 105 and 106, graphically represent the
average error calculated via Equations (148), (149), (152) and (153).

These graphs illustrate that as long as R, = R, and the diodes are
S

1
matched, the performance in an averaging circuit of both current and
voltage rectifiers is identical. However, as readily illustrated in
Equation (149), letting R1 + Rfl approach zero implies that B1

unity; therefore, Pcsfe goes to zero. As illustrated by Figure 24(d),

approaches

letting R1 approach zero significantly improves the performance only at
high voltages. In fact, Figure 24(e) shows essentially no improvement

in nonlinearity error with reduction of R However, the overall

1

improvement is significant since the sensitivity of the output to Aol is

reduced at high input voltages. This is of particular significance since
the input voltage in the Oak Ridge controller was chosen to be above 1 V
to minimize error. Note also for input voltages above 1 volt, the non-

linearity is of the order of a few ppm. Since Ao -is 20,000 at 1 KHz

1
in the Oak Ridge experiment while Figure 24(d) and (e) are for

Aol = 1000, the total error can be up to twenty times lower than pre-
dicted in the graphs, while the nonlinearity can be 400 times lower.
Note, furthermore, that the second-order model yields higher estimates of

rectifier accuracy. Finally, setting R, + sz # R1 + R., results in a

2 f1
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very slight change in the error of voltage output rectifiers over that
with R2-= 2K2. This change in error is caused by a nonzero DC compo-
nent-of‘Vf due to the asymmetry of the circuit. Thus, the change is

directly dependent -on Ao This change -is readily observed from

1"

Equation (153) since B apd B, are dependent on Rl’ Rfl’ RZ’ and sz,

1 2

respectively. With R1 + Rfl = 2:16 KQ and'R2 + sz = 1609, expression

. of -9.99 x 1074 and

(153) gives a change in PV cdce

and P
vn

dce 1

-2.00 x 10_3 P , Yespectively, if A = 1000. Since the relative
cnle ol

change increases as Ao decreases, a 10% relative change would occur

1
if Aol wereﬁrgduced,to.approgimatgly‘10 fo§ the abovg B1 and B2.

Unﬁqrtunately,,the"piecewisg—linear analysis as presented here can
give poor estimates of rectifier accuracy. One reason for poor results
is the omission of frequency dependence of the opamp gain and stra&

capacitances in the diodes. Note that Ao jw) may not be directly sub-

X
: stituted into the error éxp?essions because of the nonlinearity of the
circuit. To include freqqgncy_dependence substantially increases the
complexity of the piecewise-linear analysis. For more infofmation on
piecewise-linear analysis of nonlinear systeﬁs References 54, 55, 56,
57, 58, and 59 are recommeﬁded.' Frequency dependence will be examined
later.

Ancther limitation'0f~th§;above analysis. is the assumption of
ideal transistors with o = 1. Since a = HFE/(HFE + 1), a cénstant o
caﬁ be.ﬁad oniy-if HFﬁ is vefy'large‘or independent of current and

temperature. Unfortunately; since H nbfmélly decreases at low currents

FE

" and very high currents, and increases with increasing temperature, a

device having very large H__ at low currents is mandatory for high

FE
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accuracy. The peak error can be estimated by evaluating o at the
currents of interest; that is, the additional peak error due to o is
Pap = (a - 1? 100%. Since the average error depends on ID which ranges
from its minimum to its peak value, a will have a larger effect on the
accuracy of average detectors.

An estimate of the range of error due to a can be made by assuning

that the error is a uniform DC error:

I €

-2 100%

PaDCp - TI ’

(154)

where Ioe is the effective DC error current, I is the instantaneous
emitter current of Ql’ and Io is an arbitrary reference current. If

HFEo and a  are evaluated at Io’ then combining Equations (153) and

(154) yields the folloﬁing result:
o= L4 (e +

PDCP) /100% (155)

where qufp = (mé'— 1 - £)100%. From the above equation,
H )
HFE =1};U =, (156)
“FEo ~ “FEo - :
- where
r I
= 80Cp _ yi4 = (O _

Note that U may also be defined in terms of the average DC error, if
the rectifier input is sinusoidal, by substituting PaDCp = PaDCe/“'
Figure 25 illustrates the limits on HFE/HFEO versus (IUIH)-l. Note that

the lower limit is given by UE€(-1,0), while the upper limit is designated

by UG(O,l/HFEo). UEI—l; H]'_) results in negative values for HFE’ which
FEo ) ‘
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| (HF‘E»O)
100
200
500 .
ey = e— 1000 —]
// / A ’ -v-—,-,-,-flr-!-Aa-'!"P 10,000
P . P rmrrem— e == 100,000

/ /

“
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(ju] w7

Figure 25. Limits on / as a function of a [(I/7)/[(I_ - I)e]
g &/ Hpg ! ol V! A

= (|U|1T)"1 where the effective DC grror current is Ioe.



116,

are physically unrealizable. Equivalently, I/IOE(e/(e - ao), 1) and
I/Iog(l, e/(e + (HFEO + l)_l)) are the ranges of I/Io for the lower and
upper limits, respectively.

Figure 25 can be utilized in at least two ways. First, for a

specified HFEo’ the change in HFE that will cause a given error can be

found;; The graph shows that a larger relative change in HFE is allowed

for a given error limit for larger H. or for 1arger error limits

FEo

given H Secondly, the limits of the variation of H versus current

FE

for specified g and . Iel can*be found. For instance, if In~is

TEo*

chosen as the maximum current and P DCe~1s~assumed to be better than

0.001% for peak sinusoidal signals from 0.1 I to I o? then

1 x 10 . Thus (lUln)ﬂ = 105 @ I/(I —K ) Therefore, if

IA

le|n

HFEo 500, HFE/HFE must not fall below 0 984, 0.862, 0. 385
.2 =3

5.72 x 10 “, and 4.26 x 10

1.00 x 107? io.ilireneierors having this uniform HFE would have to be

at 0.111, 0.0101, 0,00100, 1.00 x ‘10" 0%, and

hand selected. Fortunately, higher H dev1ces such as. Darlington

« T
- -

transistor arrays. allow much higher variation of" H /HFEo as iliustrated
in Figﬁre 25. Furthermore, this graph illustrates a'maximum current
dependence of HFE which is approximateiy proportional_to.enrrenr.u
F:].;current dependence at iow

currents of IN, where 0 S N 2 1. (See discussion of Darlington .

Fortunately, most transistors exhibit a H

rectifier circdit on page 180.)

Other sources of error thetlwererneglecredAin this anaiysis inelude
the nonlinearity of the amplifier. The severity of the error these
approximations cause will become evident in the more exact analysis that

follows.
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Iterative Technique with Exponential Diode Model

A significant improvement in the analysis of a precision rectifier
circuit can be made by employing the exponential diode model as pictured
in Figure 19(c) on‘page'85. The equivalent circuit of a general pre-
cision rectifier is illustrated in Figure 26(2). Unfortunately, the
characteristic equation for an exponential diode in series with a

resistor is transcendental:

vV, - V.
_ o) R1, _
Iop = I (exp(———-—V ) -1, (157)
: . T1
and .
Vv -V -
. R2 [
I, =1, (exp(——) - 1),
D2 s2 VT2
where VRl = Vf + IDl R1 and VR2 = Vf - ID2 R2‘ Even if the circuit is

modified to eliminate the series resistance as, illustrated in
Figure 26(c), the equivalent parallel impedance also results in a

transcendental equation:

v z.~ \'J Vv \'J
in “in D1 - 'D1 D1
= = — + I_,(exp(z™)-1) - I_,(exp(z—-1) , (158)
R3(Zin f Rl) R1 + Zin sl VTl s2 VT2
or for matched diodes
\' A
D1 D1
= —=——————+ 21 sinh(=—) .
. Rl + Zin s VT

Such equations may be solved by series approximation. Schafer among

others has employed this technique to determine the harmonic distortion

60,61,62

in transistor and diode circuits. ‘While this technique works

well in the calculation of distortion products, it is an extremely '
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ZS D, SZ D, [ VoV

Vri—V,
L RIT Ve
Rt =
I

(b) Approximate equivalent circuit of precision rectifier.

A Vo Vg

[ IinZin ZntR, Zk D2 D,
\j

4
I Ip2 Ipy

A (c) Circuit B simplified by Norton equivalent source.

Figure 26. A, B, and C circuits used for iterative analysis of
rectifier. ‘
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cumbersome technique to calculate the DC term (average value tﬁ the
waveform) or the peak value of the waveform from 2 series. For
instance, if a Taylor series expansion is employed, every even power
term will contribute to the DC term, hence many terms will have to be
evaluated. Note that one should not neglect the fact that cos™® is
equal to a sum of sinusoidal terms n6, (n-2)e, (n-4)6, ... to DC or 0.
For example, c0326 = (1 + cos.28)/2 while'cos36 =.(3 cos 6 + cos 38)/4.
Another method of.solving transcendental equations is iteration. |

are utilized tc calculate

In this method, assumed values for I and ID

2

an error current. This error current is employed to improve the

D1

estimates of IDl and IDZ' The process is repeated until the error
current is sufficiently small. This method is easily applied to pre-
cision rectifier analysis where Aol is independent of frequency, as will
be assumed here.

As a‘further simplification, reverse bias diode currents will be
negiected. For the range of signals considered here and for silicon
diodes, this assumption will cause negligible error (see page 89); More-
over, assume that the circuit is symmetrical; i.e., R1 = Rz,

1 = I =1, and VT =V, =V

sl s2 s 1 T2

R, may be replaced with one resistor as illustrated in Figure 26(c).

T With the above assumptions Rl and

An equivalent Norton current source iakes the calculations much simpler.
For this circuit, the node equation is
_Vin B1(Aol + 1)

-I, = =I_+1I,-1I

. ’ (159)
in (Aol Bl + ].)R3 1 n2
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where'B1 = R3/(R1 + R3) and

I = Vo B VRl
e R1 + R3 (Aol + 1)
If ID2 is zero,
v, ' I
T : D1, -
I = iIn (1 + =—) , (160)
e Rl + R3 (Aol + 1) Isl

The above equations now can be used in an jiteration technique to

~compute I Initially assume that Ie = 0, then ID1 = "Iin' Using

D1°-
Equaﬁion (160), a second estimate of Ie can be made (ZIe). Using 2Ie in

Equation (159) results in a second estimate for ID1 (ZID1). An

estimate of the accuracy of 21 may be obtained by computing 3Ie by

D1
using 2I in Equation (160). TFor instance, assuming Ao = 1000,

D2 1

R1 = R3 = 2 KQ, Is~= 10 pA, and VT = 26 mV, the convergence of the
iteration method is shown in Table 3. Note that the second estimate for

IDl is an excellent approximation of the real diode current for

< 1
Vin - =-0.001 V. Since Ie >0, IDl is larggr than IDl' This results

in 2Ie > Ie and causes 21 < I .. The ratio of Ie to I

. D1 D1 D1
1 1

2
IDl decreases, until ;e > ~ID1 causes IDl to go negative, which is

counter to the assumption that D1 is on. Note that IDl cannot be less

than —Is. When the estimated Ie becomes larger than half of -Iin’ an

increases as

initial assumption of lle = —Iin and 1ID. = 0 will yield better results.

With the above assumption, Vo - VR1’= VDl is determined from Equation
(%59), then ZIDl may be computed from Equation (157). Next, Equation
(159) is employed to calculate 2Ie. The proces: = repeated until

adequate accuracy has been obtained. The excelleun. .o .- gence of this



TABLE 3

CONVERGENCE OF ITERA;'.I'IVE TECHNIQUE FOR ANALYSIS
OF PRECISION RECTIFIER CIRCUITS

Input Voltage (-V)

10.0001

Currents (4) 10 1 0.1 : '_.:',0.01 0.091 ..0.0001
1 0 0 0 o 0 B 4.995x107°
1 4.995x10°3  4.995x107%  4.995x1075 - 4.995x10°%  4.995x10™7. ;4!995&10%? 0

D1 . A9 fe39: +99; o
1 2.599x1077  2.300x1077 2.001x1077 . 1.702x1077 1.404x1077  1.106x1077 4.949x107°
21, 4.995x10 >  4.993x10™% 4.975x1070 4L82§x10’f“‘ 3.591x107 . -§;06§310‘§ .2.599i19;1°
31e; | 2.599x1077  2.30x1077 2.003x1077  1.698x107 I.361x107 - % 4.951x10"8
(31e'-21[e)/21e -2.598x107%  -2.5¢8x197° 2.603x107% 3-2.643x10“3‘\431049x10'2! * _;.307*19‘4
e A 4.995x1070  4.993x107%  %.975x107° . 4.825%1070: 3.634x1077  x ‘ 4.436x1671°
(315i-21D1)/21f D20 w0 1.2 x107%  1.047x107% ¢ 9.324x107°  1.192x107% % * %3.;59x10'2

*Negativé‘ZIbl

is counter to the assumption ;hat D1 is on and yields a false value fofl3Ie.

A
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apptoach for a=0.0001V input is tabulated in Table 3. However, for
- . X b o
p1 ™ Ie (=4.993x10 'V for I

‘iteration method converges faster than the lattér method. In fact, the

input voltages where I b1 = Ie) the former

former method will coriverge for input voltages less than =025 mV.
. . 2 » ) ‘

In1
~aécuracy for ifiput voltages less than *1 v, ZIDZ

compute the peak error of a pfeCisioh rectifier. 2ID1 is given by the

Having established that for the fortier method has sufficient

may bé utilized to

- following expreéssiom:

Ipp = =Tgq = Lg% *14n = R ¥R, (A ) (161)
o | in .l(Ao + 1)
V.. In(l - - =
) Vin 1( ol + 1) ; »? R (A ol Bl + 1)I
Ry (Ao_ 1 * 1) R1 ¥ R (A + 1)
Since the peak valug of -'--I:L.n is much greater than IG for Viﬂp >1 nv,

the atgument of tHe ln term can be approximated by giin/Is' Hence the

peak error is

Pop = Pestp * Pedep * Pentp (162)
where
(8, = 1) 1007
cstp ~ TA_, B, * D °

o | --vT B 100% ’1 (A. + 1)
edep © &_; By L. 7 1“(1 %, (A B+ D
| v, Bl 100

Pcn-lp & (A " l + 1) V p ln(vitlp?)' .
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and Vinp is the magnitude.of the negative peak cf the input voltage.-

P__ and P 1o 2T graphed in Figure 27(a) and (c), respectively, for

cp 1p
B, = 0.5 and 1.0. Comparing these graphs with those for the piecewise-

1

linear diode model shown 1ﬁ'Figure 24(a), (b), and (e), pages 102, 103,
and 106, shows that piecewise-linear analysis poorly estimated the
rectifier‘error. At high input voltages, the earlier analysis gave a
géod prediction of total error for Bl = 0.5 where the scale factor

error is dominant. Unfortunately, the piecéwise model gives a highly
conservqtive estimate of the DC error (approximately three times too
large), while the nonlinear error estimate has little resemblance to the
nonlinear error computed by the iterative method.

The poor results of1the-piecew;se—linear analysis can be explained
in the following manner. The piecewise-linear rectifier does not rectify
until the Voltage exceeds the furn on voltége. But an exponential diode

’Qill rectify at any voltage (although the rectification of low voltages
is poor) due to the round knee of the current-voltage characteristics.
Hence, the piecewise-linear model predicts excessive error. However,
the approximate diode model does predict general trends (see Figure 24
on pqges'102;106). For example, it correctly predicts that increasing
B will reduce the scale factor error.

The iterative technique may also be employed to compute the error
of a voltage output rectifier. By using the fact that Vo = —A01 Vf

along with Equation (138) on page 99 and Equation (159), VRl is obtained

as follows:
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(a) Peak erzor wilh Aol = 1000.

Figure 27. Error analysis of precision rectifier by iterative
technique. '
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(b) Average error.

Figure 27 (continued)
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5 |— ——cn— pvnlp>o' AO' '-'1000, 81305 I j
| ———- Pypip <0, Ay 1000, B, 0.5 \ ‘I .
2 L - -
NN
o3 v i 1 iAo O
10° 2 5 102 2 5 10 2 5 10° 2 5 10

PEAK INPUT VOLTAGE (V)

(c) Nonlinear error for both current and voltage output rectifiers.

Figure 27 (continued)
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Iin Aol R1

R1- " 1FA - I, (R + Ry
ol

Vin %181 B

= I (R, +R,) (163)
(Aol B1 + l)R3 e 1 3
Substituting 2Ie for Ie’ the error is
Pvp = vafp + Pvdcp + Pvnlp >
where
P - =100%
9
vsfp Aol B1 + ;
P dc
= _Cdcp , (164)

Penl
. P = —C0p
vnlp 1 - B1

The total errcr and Pv are graphed in Figure 27(b) and (c). Comparing

nlp
these graphs with Figure 24(c) and (e) on pages 104 and 106 again shows
good agreement between the second-order piecewise-linear model at high
voltages but about three times too much error for the piecewise-linear
model at low voltages on the total error. The nonlinear error has little
resemblance to that of the exponential diode analysis., However, the
piecewise-linear model correctly predicts that the voltage error is
approximately twice the current error for Bl = 0.5.

The iteration method may also be used to compute the average

rectifier error as follows:
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1 27 1 2n
I, =5 jﬂlm d¢ = 5= j;—Iin - 1,4, (165)
where V, =V, sin ¢ and V > 0. Note that the integral is only
in inp inp

over [m,2m] since I,; is zero by assumption over the interval [0,r].
While computing the integral of Iin is straightforward, the integral of
Ie must be treated with caution. Recali from Table 3 on page 121 that
2Ie is good approximation of Ie only for veltages above 1 mV. Since
Vin = 0 at both m and 2n, it is desirable to break the integration

interval into parts as follows:

2% w/2 ‘
21r|Ie| = {, I, dp = -2 é I, d¢ = 2(I; + L)
where

) )
c B Cc

I, = [ -1, =] I, 9, (166)
0 0
wa /2

1., = -1 de 3 =1 d¢

2 0 . 6 e ’

and the interval [O,BC]Vis that over which 2Ie is not a good approxima-
tion of Ie. Substituting an equivalent expression for 2Ie from

Equation (161) on page 122, 12 becomes

< n/2 Iinp sing
12 = e[ Kl In(1 + -I—S_—) d¢ , (167)
c

where K, = V_/(R, + R, (A, + 1)). Unfortunately, the value of the above
1 T *'1 3 ol n/2

integral could not be located in integral tables; however, f In sin ¢ d¢
0
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was found to be equal to --% 1n 2.52 Assuming that I

Ly np sin GC/Is >> 1

and Sc > sin Gc, Equation (167) may be rewritten as follows:

6

Iin n/2 4 c
I, =K (E-6) In(="B) + [ 1n sin ¢ d¢ - [ 1n sin ¢-d¢)
2 1**2 c I S
s 0 0
m Iin w GC ' .
= Ry (5 - 8)) 111(—2IS ) -5 1n 2 - (j) 1n ¢ d¢) , (168)
)
¢ - in(e) - 1
where [ 1n ¢ d¢ = 6 _(In(8.) - 1) - lim (——7—). By 1l'Hospital's
0 evo €
rule,
lim (%—) = 1im (e‘l/(-a’z) = lim-€e=0 .
€40 € ev0 ey0
Tor AQl = 1000, R1 = Ry = 2KQ, and VT =26 mV, Iinc/Is = 1.3 x 10 gives

an 2Ie within 20% of Ie. For other values of Aol and the same accuracy

2 _ ' .
Ie’ Iinc/Is is roughly inversely propcrtional to Aol' Lettingv

ec =~ gin GC = Iinc/Iinp’ Equation (165) becomes

A}h

- 1 Iinc 1np, Iinc inc
= o Ty~ 71, — * K [7 10GED + 3 [ 1 - In inp)]

inp 8 inp
(169)
One may estimate the relative sizes of the terms of the above equation

u51ng the above c1rcuit parameters along with IS = 10 pA. If
K, m I

I _ -7 1 . -7
inp/ ine = % then Imp ; 5.; x 10‘ .A ( oPy = 2.1 x10 7,
TEES [K (1 -1n ( inc) - i?c] = -8.5 x 10 9. This indicates that
inp * inp S : -
neglecting the terms involving Iinc results in less than 4.17% additional

error in the estimation of the rectifier accuracy at 1nput currents

greater than AIinc; thus, I is approximately

Dl
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B, V ™V
-— 1 inp T
I = A -1~-5———— (InV
)1 R3 (A01 B1 + 1)r |0l 2 Vinp inp
' 1 [ Bl(Aol + 1) ]
R3(Aol B1 + 1)21s
Hence the error is
ce Pcsfe + Pcdce + Pcnle ’
where
(Bl - 1) 100%
P « . ,
csfe (A01 Bl + 1)
o B, Vo 50% [ Bj(A; + 1)

1n

P
cdce (Ao.l B + 1)Vinp lR3(Aol B, + 1)2T

—TTBl VT 50%Z 1n Vinp

P : .
cnle (A°1 B1 + 1) Vinp

(170)

Since the circuit is symmetrical, Vf has a zero mean value, hence the

average voltage output error is equal to that of the current output.

Figure 27(b) and (c) on pages 125 and 126 graph the average errors

as given by Equation (170).. Comparison of results with those of the

piecewise-linear model as illustrated in Figure 24(4) on page 105 again

show the latter total error estimates to be about three times too large

at low input voltagés. However, the accuracy improves as the input

voltage increases. Again the approximate linear analysis correctly

predicts that increasing glwill reduce the scale factor eﬁror. In

addition, the plecewise linear model gives a very poor estimate of the

nonlinear error.
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Although the preceding analysis cénsidered only a symmetrical
vcircuit, the technique is also applicaﬁle to nonsymmetrical circuits.
As long as the reverse bilased diode current can be neglected, only one
diode and its associated series resistor need be considered at any
given time. Thus, the peak error Equations (162) and (164) on pages
122 and 127 are also valid for nonsymmetrical circuits, Additionally,
expteséion (170) for the average erroQ of é current rectifier is §1$§
valid for nonsymmetficai circuits; howévg:, ghé mean value of Vf mué;
be computed to find the average voltage error of a nonsymmetrical
rectifier, Using the identities V

R1 £ é
with Equation (159) on page 119, where Rz is substituted for R1 when D1

. =R + VvV

Ry Inm

and Vpy = "Ry Ipp + V¢

is off, Vf is found to be
R, B, V
1 71 "in
v 2 e =~ - R, I . (171)
£~ (A, By +1) Ry~ 73 Tel
where
N §
1 - VTi(-l) in (1 + b—j_')
= . R — 14 =),
el Ry ARy (A + D) Tet
B, = R3/(R1 + R,), and Di is on (i = 1or 2).
Thus, the average value of Vf is given by the following:eQuation:
' ] 2r R,B,.V T R,B.V 2n .
o : 2 2 1in - - 171 in ~ :
2V, = (f I_.d¢ + [ I_.de)R, + =ABR— [ singd¢ + il [ singdd
f 0 e2 t el 3 R3(A°l32+1) 0 RB(AO;BI*I) " .
T 2 "~ "R, B R, B
2 2 2 2 e | '
o () ST dy + [ CI__d) R, + WV, (e T e o

(172)
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where

- -VTQszﬁ, Vingz(A +1)

i
T2 a2 222 (1n( ))
L0827 Rg(Ag Byt IR, (A BT,

and .
232_ ‘“dé . Tl l (1n (Vianl(A +1) ))
/ I, R3(Ao +1) 2R, (A +1)1

RS
Therefore;, the voltage error for a nonsymmetrical ‘rectifier circuit is

Pve,= Pvsfe ¥ Fydce f Pvple ?

where -

R2 B2 100/ Rl Bl 100%

P P + s
vsfe csfe R3(A01 2+1) RB(Aol 1+1)

50% g 32(A01+1)

B Vo
P = 2P + 1n( , (173)
vdce cdce (Aol 2+1)Vinp R3(A01B2+1)21Sz o
SOA C
2 T2 :
P = 2P + In(v, ),
vnle cnle (A01 2+1)Vinp inp
and pcsfe’ Pcdce’ and Pcnle are evaluated with VT = VT1 and IS = Isl'

Note that.the above.equation indicates that all three error terms are
dependent on the degree of asymmetry of the c¢ircuit. However, the
.p1ecew1se 11near analysis predlcted that P ,fe-ls 1ndependent of the
asymmetry of the rectifier circuit.

While the iteration method yields results of superloz accuracy to
that of the plecew1se-11near techn1que, the computatlons are surprisingly

fsimple for the former method. Unfortunately, frequency dependent
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parameters are not readily handled by either method. In order to
incorporate frequency dependence and additional nonlinearities, computer

analysis methods will be discussed next.

Computer Simulation by Delay Method

Although the iterative method gives accurate results, it is still
limited to frequency independent parameters. Frequency dependence can
be handled in a computer analysis of the rectifier circuits. Two canned
computer programs were considered: PCAP (Princeton Circuit Analysis

63,64,65 peap has

Program) and CSMP (Computer System Modeling Program).
the advantage of directly analyzing electronic circuits; however, its
flexibilityiis rather limited. The PCAP diode model is the third-order
piecewise-linear model. Although an exponential dependent current source
is available, when attempts were made to use it in a diode configuration,
the current would increase to a value many orders beyond the correct
value. Moreover, PCAP does not-allow general Fortran stétements. CSMP,
on the other hand, allows general Fortran statements. CSMP does not
directly handle circuits, but handles system transfer functions.
Additionally, many more options are available for integration methods
with CSMP. Unfortunately, CSMP cannot solve the tranScendentél Equations
(157 and (158) on page 117. However, the circuit can be modified to
allow a CSMP solution. |

An equivalent system block diagram of a precision rectifier circuit
is pictured in Figure 28. As in the earlier two analyses, the opamp
input and output impedances are assumed to be infinite and zero,
respectively. However, the opamp slew rate 1limit and frequency response

is included. Although a single pole opamp frequency response is shown,
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Figure 28. Block diagram of system representing precision rectifier.
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any physically realizable frequency response can be handled in CSMP.
The slew rate limitation is represented by the limiter. 62 and G1
represent the conductance of diodes D2 and D1, respectively. 62 and G1
can be any function, but exponential diodes will be considered here.
The blocks marked delay are inserted into the system model to allow a
solution'aﬁd can be any function having memory such as a delay, a real
pole, or an integrator. This is necessary since CSMP requires at least
one memory function in each feedback loop.64’65
The CSMP program is listed in Appendix C. In this program several
parameters may be set by the programmer. VINPK and FINPUT represent
the negative peak amplitude (V) and the frequency (Hz) of the sinusoidal
input voltage, IS1, IS2, VT1, and VT2 represent Isl’ IsZ’ VTI’ and VT2’
respectively. AOL, GBWP, SRRISE, and SRFALL represent the. open-loop DC
opamp gain, the gain-Bandwidth—product (Hz), and the magnitude of the
positive and negative slew rate limits (V/sec) of the opamp,
respectively. By definition, the time constant of the single pole opamp
(TOL) is AOL/(27GBWP). Since the application of a step function of
height=SR TOL/AOL to the input qf the opamp will result in an initial
rate of change in Vo of -SR, the maximum and minimum values of V1 will
determine SRFALL and SRRISE, respectively. Two types of errors are com-

puted by the program: instantaneous and average. VERORT and IERORT are

the instantaneous errors of the voltage and current output rectifiers:

(VRIRF - VOIDEL) 100%Z
VOIDLA

VERORT =

and (174)

(VIF1RF - VOIDEL) 100%
VOIDLA i

IERORT

]
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where VRIRF = VR1 R3/R1l, VIFIRF = IF1 R3, VOIDLA = -VINPK/m, and VOIDEL

(the ideal output of the rectifier referred to the input) is given by
VOIDEL = -VINPK VIND U(-VIND) (175)

where VIND = sin (2nFINPUT t + PHASE), U(X) is the unit step function,

and PHASE is an estimate of the phase shift of the rectifier output due
to the finite bandwidth of the opamp. PHASE is computed by estimating

the closed-loop bandwidth of the circuit (FCL) by the following

expression:
PHASE = tan © (-FINPUT/FCL) , (176)

VT2
9 2 m), and IF2IC1

is an estimate of the initial wvalue of IF2. It is assumed that D1 and

where FCL = (AOL B, + 1)/(2 TOL), B, = R3/(R2 + R3 +
D2 are initially off and on, respectively. After PHASE has been com-
puted, a new estimate of IF2ICl is made (IF2IC) by -VINPK sin (PHASE)/R3
(VINPK is assumed negative). This new estimate is compared with the old
estimate to form the. convergence criteria of an iterative loop. The
initiél.value of VO is assumed equal to -VT2 1In(l.0 - IF2IC/IS2). The
initial value of IFl is assumed to be -ISl. Good estimates of initial
conditions are important in the computation of VERORA and IERORA for

small input signals. VERORA and IERORA (the average error of voltage and

current output rectifiers, respectively) are given by the following equations:

VERORA

(VOA - VOIDLA) 100%/VOIDLA

and 77)

IERORA = (IOA - VOIDLA) 100%Z/V¢ _LA
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where VOA and IOA are the average values of VRIRF and VIFIRF over one

i

period of the input'wéveform.*
In the simulation of exponential diodes, the diode conductance is

given By
I1si (EXP Glﬁl:ly5%1) =1)s -
IFiP_ _ vTi(-1)* (178)
_ - b
VO-VRi (vo - Vr1) (-1) I+

Gi(VO - VRi) =
where VRi = VF + Ri IFi.apd.i is 1 or 2. The memory fﬁnction‘relatimg
IFiP to IFi must-be ghasén witﬁlcateu' For example if a-delay function -
is chosen, - then the delay time must be chosen small enough to prevent- - -
instability of the circuit and insyre an accurate representation of the
rectifier circuit. Unfoftﬁnately,'a'délay function can cause instability

of the diode feedback loops since these loops do not have any poles.

For instance, the small signal loop transmission of a diode loop is

- Ri(IFiP,(-i)i+1 + ISi)

TDi VT DELAY . (179)
. 9
For DELAY equai to a deléy'functioﬁ; thé‘pﬁase of TDihié
[Tpg = - TOELAY 2nf,, .. . (180

where TDELAY is the delay timéi 'Hence;xif7|T£i| ;'i, the éystem“wiil'ﬁé
unstable. Since IFiP must go to zero for a_s;pugoidal input signal, IFif
-must be less than-%%% - Isi if;the.iodp_isltqué ﬁtable. For °

Rl = R2 = R3 and VTi = 26 mV, £his;festricts Viné'to less than 26 nV,

If DELAY is a real pole instead of a delay, the diode loop will be

stable since the maximum phase of TDi is -20°. 1If the pole's time con-

.

stant is TDELAY, then the close;loop.small—sighal diode transfer function

is
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_.iF Ry, TDELAY
Vo - ((RFi + Ri) ( Ry + Ri

Gi(s) = S + 1)) (181)

whe're“ﬁF = VTi/(1Fi (4-*1)i + ISi) Neglecting reverse diode currents,
the rectifier circuit's &mall-signal loop transmission with Di on is

AOL B

(8) = (T TF 1)(TOL s+ D °*

ckt (182)

Rirg 1DLLAY»H
2 RL +R3 + RFi

-Pleré¢e and Paulus,so the phase margin of a secoid-order system is

where B = R3/(R1 4 R3 + RFi) and T According to

PM = tan T ( 4% 12

=)
el + 1)”2 - 2

where

. I,+TOL 49
£ = 75 (183)
2(T, TOL (1 + AOL B ))

Since PY is minimuﬁ wﬁen £ is minimum, the worst case condition for
stability with a given value of TDELAY is when £ is minimized with
respect to RFi' Setting the derivative of & with respect to RFi equal to
zero, the critical value of RFi is found to be

AOL R3
(Ri + R3) (l ‘+ m)

- Rpic © CIDELAY # TOLY 1+ AOLRI (184)
TOL Ri + R3

or if AOL R3/(Ri + R3) >> 2, then

_ TOL (Ri + R3)
Rysc ® TDELAY + TOL °
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Computing £ for RFi equal to, greater than, and less than RFic shows

that £ is minimum at RFic' Thus, the minimum £ is

. ((TDELAY + TOL) (Ri + R3),1/2

min TDELAY R3 AOL

)

(185)

- ({IDELAY + TOL) (Ri + R3)y1/2
TOL TDELAY GBWP 2m R3

’

where AOL R3/(Ri + R3) >> 2. Solving Equation (180) for £ in terms of
P¥, and assuming that TOL >> TDELAY, TDELAY is given for a specified PM
or £ by the following expression:

(Ri + R3)
R3 GBWP 2% & .
min

TDELAY

(186)

_ (Ri + R} + tan? /4

R3 GBWP 7 tan PM

To insure accurate representation, Emin 21 or PM 2 76.35°. For
instance, if GBWP = 1 MHz and Ri = R3, then TDELAY < 0.318 us, but if°
Ri = 0G, then TDELAY ¥ 0.159 us.

Figurc 29 graphe the results - of CSMP simulations of
rectifier circuits with Rl = R2 = R3 = 2 K? and matched diodes with
IS = 10 pA and VT = 26 mV. Figure 29(a) shows that the total average error
1is approximately inversely proportional to opamp gain and proportional
to input frequency in the region of the 20 dB per decade roll off of
the opamp gain for low input voltages. Also, this figure illustrates
that a slew rate of 0.5 V/usec has little effect on the average error

for 1 KHz input signals above 0.08 V peak and no effect below 0.08 V

peak. The threshold input voltage for slew limiting can be estimated
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Figure 29 (continued)
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by assuming a second-order piecewise-linear diode. Then when both
diodes are off, there is no negative feedback. If the input signal is

sinusoidal, then

VO (1 + TOL u)
wV, (t) =VF =
o 1in

AOL

Vin(t)

or (187)
SR (1 + TOL2 w°2)1/2

VINPK = o1 ,

where W, is the radian input frequency, SR is the slew rate limit, and
VINPKS is the maximum peak input voltage without slew limit. Note that
for w, TOL >> 1, VINPKs = SR TOL/AOL = SR/(2m GBWP). Thus, for an

opamp having a GRWP of 1 MHz and a SR of 0.5 V/usec, VINPK = 0.0796 V.
Since real diodes always conduct to some extent either due to reverse
saturation current or junction capacitance, expression (187) gives a
conservative estimate for VINPKS. The effect of slewing on rectifier
waveforms is shown in Figure 30, If a second-order pigcewise—linear diode

is assumed, the time required to turn D1 on and D2 off is

Tsg = (Vpp * Vpa + Vg — Vg) /SR,

or if w_TOL >> 1 and w_ << 27 FCL, then (188)
- 1 _ 1 .
Ter = Vg V) GR - V(2 ) °
in O

where Vfl = sz = Vin when D1 and D2 turn on and off, respectively,

while Vin(to) is the mean rate of change in Vin(t) during the time when

'D2 turns off and D1 turns on. While TSR can be used to estimate the

error due to slew rate limiting, the estimate may be optimistic unless
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(b) VF and VO with no slew limit.

Figure 30 (continued)
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(c) VOIDEL, VERORT, and IERORT with SR = 0.5 V/usec.

Figure 30 (continued)
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(d) VF and VO with SR = 0,5 V/usec.
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the recovery behavior of the amplifier is included in the analysis.

That<is, once D1 is turned off, V_ remains above .the limiting value for

f
é}éégiod of time: the amplifier remains overloaded. A measdrejbf.this'
Areeovery time is known as the settling time (tHe time required:for-the‘4
qutpﬁt of aa.opampito reacﬁ.a value witﬁin'a specified errorvpoundjpf
its‘rinal‘value with a;step'input signal)..'This overload phenomenop
.éisq~is.known“as_transient interﬁqdulation~distortien.66 The'reeoyery :
lbéﬁaéior of the opamp depends on the open-loop frequency response of =
the opamp ana thepfeedbaeklnetpork."For mpre informatien on slep rate:-
:féeerery see Referencesié6, 67, 68,'aha'69. ‘Figure 31 ehowsuthe effeets
‘efnsettling timevon rectifier~waveform5w The test apparatus employed
‘to- photograph rectifier waveforms is shown in Figure 32. |
' Figure 29(b), (c), and (d) -on pages 141 and 142 graph the peak
~errors computed by the delay method Note that these errors are much
less than those showvm 1n Figure 27(c) on page 126. ‘This_is dﬁe to the
.phase.of VF with respect t0~ID1'and VR1l: for a circuit with no frequepcy
_reappnse limitations,_VF is opt qf’phase with the rectifier eutput, bpt
it is in quadrature with theloutput_fqr @0,10L >> 1. Since VF is approxi-
mately zero when the output,andtinppt qf the rectifier are at their peak
excursions for the latter case, the peak error must be approximately
zero (see Figure 30). But in the former, VF is at a local peak; there-
fore, considerable peak error can exiat:

The method of integrating, integration‘step size, and TDELAY can b
influence:the results of the CSMP simulation. Choosing TDELAY too

small will increase the CPU time of the program. Also, choosing a step

size too large can cause the integration routine to diverge, while
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(a)

(b)

(c)

—

1 T AR WOMB AT el MR

Figure 31. Effects of opamp settling time on 0.1 V_ 100 KHz
waveforms of a FD300 diode rectifier with Ry = 0Q, Ry = E3 = 2 KQ
C3 = 0.2 YF, and an AD528JH opamp. (a) V, with settling time
compensation; (b) Vgy with settling time compensation; (c) Vg
without settling time compensation; (d) VRl without settling time
compensation., Typical settling time to 0.1%Z: 800 ns [curves (a)
and (b)]; 2 us [curves (c) and (d)]. Horizontal scale: 2 us/div.

Vertical scale: 0.5 V/div [curves (a) and (c)]; 0.05 V/div
[curves (b) and (d)].
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ORNL-DWG 76-19142

X1 PROBE
(1MQ, 50 pF)
VRi X1 PROBE
¥e (1MQ, 50 pF)
C3 R3 R1 D1
| JVV\:
|
Cc1 |
¢ F--

|
»——/WV——*'—DDZI—L
Ra 100
— ANNN—P— + 15V DC

X10 PROBE
(10 MQ,7pF)
|
i (0.4 LF FOR SETTLING
"> 7IME COMPENSATION FOR
022 AD528JH OPAMP)
109
“15V DG

Figure 32, Test apparatus employed to photograph rectifier
waveforms. A Tektronix 535A oscilloscope with a 54/53C plug-in dual
channel amplifier was employed for oscilloscope photographs. The X1
probe was disconnected from V¢ while Vg and V, were being photo-
graphed. Rj, Ry, and R3 are wirewound resistors (Daven type 1350).
Circult was breadboarded on a Continental Specialties Proto Board(:>

model 103. C.] and C.2 are 22 pF for AD528JH opamp, and O pF
otherwise.
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choosing a step size too small can result in round-off error or

excessive CPU time; CSMP offers several fixed step and variable step
integration routines, and the author tried several of these routines.
Because of the high degree:of nonlinearity of the system, fixed step
integration is impractical. STIFF is by far the best integration routine

that is offered in IBM's CSMP III.64’65

STIFF integration is designed
for systems having widely separated poles and in this system, has much
lower sensitivity to maximum step size and much faster CPU time than
Runge Kutta integrationm. Unfdrtunately, only Runge Kutta is available
as a canned double precision routine. For average rectifier errors
below 0.3%, round—offlerror becomes significant for STIFF integration.
But for Runge Kutta to converge to an accuracy equal to STIFF integra-
tion requires step sizes orders of magnitude smaller than that used
with STIFF in Figure 29 on pagés 140-142. The maximum

step size is equal to the output interval (PRDEL) which was chosen as
0.5%Z of the period of the input signal, except for the case where a
slew rate limit was assumed in which a PRDEL of 0.1% of the input
signal period was employed to better resolve the spikes of VF.

In the variable step integration routine, two convergence criteria
may be chosen for each integrator: ABSERR and RELERR. In this method,
a complementary integration routine is employed to estimate the integral
(Y ). The step size is feduced until the computed integral (Yc) meets

e

the following requirements or the step size reaches the lower limit:

lt_ - ¥ | 5 ABSERR + RELERR |¥ | . (189)

[od
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Because of thé nonlinearity of the system, these error criteria must be
chosen with care. For instance, the desired computational accuracy of
the diode currents are directly given by RELERR and ABSERR of IF1l and
IF2, but the accuracy of VO is exponentially related to the accuracy of-
the diode currents. For instance, if VR1 and VR2 are assumed Zero,
then the error in VO (AVO) causes ; rélativé error in IFi of

ALFL _ AVO

IFi Vii (190)

Specifying ABSERk of VO &AVO) determinés the rela#ive error of IFi.
Howevef, as shown previously, the actual error of IFi can bg expected
tq consist 1arge1y of both a scale-factor and a DC error. Choosing
RELERR does not help significantly since VO is approximately relatede
to IFi l;ga;ithmically. Good choices for ABSERR of &0 are
VTi PceIFi maxffff apd Vfi Bcp w@erg Pce anleCP are the desired relative
average and peak accuracies of the simulatioﬁ, respectively, RELERR may
then be set to zero. Note that increasing ﬁhe_desired accuracy redpces
the CPU time up to a point, beyond wﬁich the resulfs begin tovdiverge and
the CPU timé increéseé. |

In addiﬁion to gffecting integrator accuracico, the output interval
limits res;lution of peak values oflrectifier oqtputs. For cxample, if
Vin is sinusoidalhand the output interval is PﬁDﬁL, then the maximum

resolution error is

100% (cos (v TR0E) - 1)

P
rp
(191)

1

~12.5% (u_ PRDEL)? .
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Since the integration step size will normally be less than PRDEL, a
procedural subroutine can be placed dn the CSMP program to hold the
maximum computed values for outputs, thereby substantially improviﬁg
Prp}"This_uas not done for any of tue computer results presented'in
this dissertation since the'result'of primary interest is the auerage
error. Peak errors, however, are presented since they will be of ‘
interest toisome readers.

t Figures 30 (pages 144-147) and 33 show rectifier waveforms - :
computed by the delay method, while Figures 34, 35, and 36 show
measured rectifier waveforms. The FD300 diodes have characteristics
simiiar to those modeled iu'the computer.analysis. .Mcreover, the
AD506LH opamp is an FET input opamp hav1ng input bias currents less
than. 5 pA and input offset voltages less than 1.0 mV to minimize offset
errors. Other characteristics of the AD5S06LH also closely approximate
the computer model (i.e., AOL = 120,000 and GBWP = 1 MHz with:a sdagle
pole). Furtuermore, sleﬁ rate errors are zero siuce SR > 3V/usec.g-,
Comparing Figure 33(a) and (c) with Figure 34, fdgure 33(d) andt(fj\with
Figure 35, aod'Figure 33(1), (k), (i), and (n) with Figure 36 ‘shows that
the:cémputer.simulation accurately predicts the rectifier_aneforusfat
moderate input signal levels, DNote that the relative pbase'between
traces on any of the oscilloscope pictures presented in this;disserta-
tion cannot be compared since the triggering on each trace is
indeoendent."For example, in Figure 36, the phase relations.auoug4
traces C, D,.E, and F are approximately correct, but these traces are
approximately out of fhase.with A and B. Note_esueciallxwthexspikes on
VF and VRl that are predicted with good accuracy in the colmputer resulLs.

Note also that these sp1kes increase in amplltude as. elther the gain or
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(a) VRIRF, VOIDEL, and VERORT at 1 KHz with R, = 2 KQ.
Figure 33. Performance of precision réctifiers computed by delay
method for Agy = 2 X 105, GBWP = 1 MHz, R} = Ry = 2 KO, and matched
diodes. All voltages in §iV.



TInF
n.n
1.00n0%€-n~
2.00000¢ 204
I.00000F =0
4.00000F =05
S, OANNANF <
4, 090007
7.00009F -9
AL0000aF -an
Q. 00000F =0~
1.00000F -0
1.10000F =90
1.72000nA8F<A,
1.30000F =%
1.80U00F -4
1.50000F~n4
1.hg00NF =00
1.70000F =na
1.80000F -nu
1.99000F 00
2.10000F <o
2.18009F <na
2.20004F -au
2,3%000F-Na
ENLLLLUR
2.500006 -
2i/0005F -0,
2.7000)F =0
2.RA00NF A,
2.990N0N0F N4
I.PO0MIF=G
. 10000F -
3. 200naF =nn
3.30009¢=Na
1,.40000F -0
3.50000F =9
3.A0NNAE -na
1.70000F -0,
I ANNANF -
3.90009F -0
4,00000F ane
A.10000F =00
4,20000F =94
4,701000F =a
[T ELEY T
8,50000F=-C«
4.ANNBAF=Na
4. 760NIF=-Ne
4L HIO00F < Ne
4,90000F =na
5.00000F <fia
5. 10000F -04
S,200N0F-00
SiN00NF -
5.40000F =fu
5.80900F ~n4
K, AQNBNF =98
S.7A00G0F =4a
5.RN0NNF=na
5.9N00N0E =4
B.NNONDF =Na
AL 100NAF =04
AL20NNNF =Ng
6,30000F =94
A.40000F =N
A.SH000F =Na
6.4N00NF-06
A.TR0UDE="a
6,ANDNNF =N
£.90000F =Ny
0009F-ns
Teanyayr =g
T.20000F ~n6
7.3000nF-n4
T.40000¢-04
T.5000NF-00
7.A0000F =08
T.70009F =94
T.RUN00F-00
T.90000F =04
a,00000F =90
A, 10000F =Ny
8,20000F =00
8,30000F-0s
8.40000F-ns
].50000F Ny
ReANOONF =04
A,70000F =04
R.ABDDAF=~na
A.QN00NF~Ds
9.00000F =04
9,100000-94
9.20070E-0a
9,30000F-Na
9.40000F=0a
9.,50000E-04
Q.AN000F -0
9.700009F =04
2,290 =00
9.90000F-0a
1.00000F=-03

155

cee e CaraVIFLar 1.2000F
1.0000¥
5400y

EEEEE

-

- reenl
lactugle
che P

EE AT

. =
e e e s e e e e e e e R e e b ¢ e e e am —

et B e = m e
3

P TP

PRI
EERTRRYE
- Al

=aeenaln
“haradl™
R LAY
LT RRTETERTN

RS

3

=nedaalH
-h ZAgLR
-SePalnd
=hagngly
=hedaln
RLTY-L R

teLcoecee

1
1
1
1
1
¥
1
1
1
. -==1
]
1
1
1
1
I
1
i
(

PRV SVENETEN IV VIR I B )
ve e et o e

.
i}
]
]
'
‘
'
'
'
'
+
'
.
Il
'
]
'
[l
'

TR R
L LT EREE
i 2ntls
ELITA R L
[

ua
»

“
“
°
4
“
.

mn2aant

“h 248 L =Un
PRI
ES LYY

~h.g4all
EONPLURTTSN

LR R I IR I I I I R I R R I T
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Figure 33 (continued)
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(c) VO and VF at 1 KHz with R2 = 2 KQ.

Figure 33 (continued)
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Figure 33 (continued)
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161

4,0000E 04 t(I=VIF1RF 1.2000€
0.0 1 aVOINEL 1.0000€
~90,00 *+ ez ]FRORT 3n.00
. x 1 .

. X ¥ .

| S x 1 . 1

1 e X . T 1

1 e X 1 1

T . x 1 1

1 1 . x . 1 1

I 1 ° X 1 .

1 1 . 1 I .

| 14 .1 1 .

1 I 1 1 .

1 1 1 X 1 .

i 1 1 . x 1 .

1 1 1 *x 1 *

T . 1 1 , xel .

T 1 1 X * .

1 1 1 I x e

1 i 1 1 Xe @

T 1 1 T x .

H 1] 1 1 L .

1 1 1 JemmoaaX [y—
1 1 1 T . x .
1 1 1 T x .
1 1 1 ) B x -
T 1 1 T+ X

1 1 1 1« x

1 1 1 - }

1 1 I o1 x

1 I 1 .1 x

T 1 1 -1 .
1 1 1 o=--1 X

1 1 1 o 1 x -
1 1 1 . 1 X .
T 1 1 . 1 X .

1 1 1 . T x .

1 1 1 . Ix .

1 R 1 1 . x1 A4

T 1 1 ¢ X 1 ®

1 1 1 . X er .

1. 1 .1 x e I

1 1 1 xe 1

1 .1 1 X e 1

T T . I e X . 1

1 I o X . 1

1 14 . x1 . 1

1 1 . x T . 1

T 1 . x 1 . 1

1 - x o I . I

T. . T X 1 - 1

1 - 1 x .1 . . 1

Jew=tes =X 1 1

- 3 1 1 .

. X 1 .

. X 1 .

. X 1 .

. X 1 .

. X 1 -

. X 1 .

. X 1 .

. x .1 K

. X 1

. x 1 .

. x 1 .

. x 1 .

- X 1. .

- X 1 .

. Il 1 -

. X 1 -

- X 1 -

. X 1 -

. X 1 .

. X 1 -

. X 1 .

. X 1 . e
. i 1 .

. X 1 .

. X 1 .

. X 1 .

. X 1 .

. x 1. .

. X 1

. X 1 -

. X 1 .

. x 1 . '
LN x 1 -

. x 1 .

. X 1 -

. 4 1 -

. X 1 .

a x 1 .

. -x 1

Y x 1 -

. x 1 .

. X 1 .

. X T N -

. X 1 .

. X 1 .

. X 1 .

- X I .

. x R 1 .

. X 1

Figure 33 -(continued)
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Figure 33 (continued)
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Figure 33 (continued).
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Figure 33 (continued)
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Figure 33 (continued)
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Figure 33 (continued)
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Figure 33 (continued)
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Figure 34. Experimental 1 KHz waveforms of a FD300 diode rectifier
with Ry = R = R3 = 2 K@, C3 =

2 uF, and an AD506LH opamp. (a) V, with
Vinp = 0.1 V; (b) V, with Vigp =

10 nV; (e) Vg with Vipp = 0.1 V;
(d) V¢ with Vipp = 10 mV; (e) Vgy with Vig ?

p=0.1V; (f) Vi with Vipp =
10 mV. Horizontal scale: 0.2 ms/div.

Vertical scale: 0.5 V/div
[curves (a) and (b)]; 0.5 V/div [curves (c), (d), (e), and (f)].
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(a)
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(c)

(d)
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Figure 35. Experimental 1 KHz waveforms of a FD300 diode rectifier
with Ry = R3 = 2 KQ, Ry = 0, C3 = 2 pF, and an AD506LH opamp. (a) V,
with Ve oo = 0.1 V; (b) V, with Vinp = 10 mV; (c) V¢ with Vinp = 0.1 Vi3
(d) Ve with Vi, = 10 mV; (e) Vgy with Vipp = 0.1 V; (f) Vp1 with
Vinp = 10 mV. Borizontal scale: 0.2 ms/div. Vertical scale: 0.5 V/div
[curves (a) and (b)]; 0.05 V/div [curves (c), (d), (e), and (f)].
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Figure 36. Experimental 10 KHz waveforms of a FD300 diode rectifier
with Ry = Rg = 2 KQ, Cq = 2 YF, V4pp, = 0.1 V, and an AD506LH opamp.

(a) Vo, with Ry 2 KQ; (b) Vo with Ez 0Q; (c) Vg with Ry = 2 KQ;
(d) Ve with Ry 2 KQ; (e) Vgy with Ry = 0Q; (f) Vgy with Ry = 0Q;
Horizontal scale: 20 ps/div. Vertical scale: 0.5 V/div [curves (a)

and (b)]; 0.05 V/div [durves (c), (d), (e), and (£)].
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frequency is increased, and that the ratio of spike amplitude to peak
output signal increases as the input signal level decreases. Therefore,
for very low signal levels, very high frequencies or very low opamp gain,
the spike can exceed the desired peak signal ocutput thereby causing
large error for peak detectors. The computer simulation and measurements
show in Figures 30 (pages 144-147), 33 (pages 154-~171), and 37 that
spikes in the rectifier output are substantially reduced, if not
eliminated, with a current output rectifier.

Computed and experimental waveforms for an asymmetrical rectifier
are pictured in Figures 33, 35, 36, and 37 for comparison with a symmetri-
cal rectifier as shown in Figures 33, 34, and 36. For the asymmetrical
rectifier, R2 = 0. These pictures show that the waveforms for the
asymmetrical and symmetrical circuits are essentially identical, except
for Vo where a flattening of the negative swing is evident for the
asymmetrical circuit.

As shown in Figure 21(d) on page 91, both Rl and R2 may be set to
zero when transistors are used as the rectifying elements. Assuming
ideal transistors with o = 1, the delay method may be utilized to com-
pute rectifier performance. Figure 38 shows the average error for
Rl = R2 = 0. Note that for input voltages below 0.1 VP the error is
essentially identical to that with R1 = R2 = 2 K@ just as predicted by
the iteration method. Although Figure 38 shows lower error at high
input voltages, the results are in doubt due to round-off error. Round-
off accuracy can be substantially improved by the direct solution of =z

differential equation to be discussed next.
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Figure 37. Experimental comparison of 10 KHz and 100 KHz 0.1 V
waveforms of 2N5087 Darlington transistor and FD300 diode rectifiers
with Ry = 2 K and an AD506LH opamp. (a) 100 KHz Vipjrp for tramsistor
rectifier with no R; (b) same as (a) but 10 KHz; (c) same as (a) but
R = 14.7 KQ; (d) same as (c) but 10 KHz; (e) 100 KHz Vg1 for diode
rectifier with Ry = 0{; (f) same as (e) but 10 KHz. Horizontal scale:

2 pys/div [curves (a), (c), and (e)]; 20 ps/div [curves (b), (d), and (f).
Vertical scale: 0.5 V/div.
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Computer Simulation by Differential Equation

Computer simulation by the delay method employs two extra
integrators to enable simulation of the transcendental equation.
However, these extra integrators increase CPU time and round-off error.
But for a symmetrical circuit at FINPUT > (27 TOL)-l, a first-order,
nonlinear differential equation may be written to find ID1 and ID2.
Using the circuit simplification shown in Figure 26(b) on page 118
where the reverse diode currents are neglected, Rl = R2, and assuming
matched diodes, the following procedure can be employed to derive a

differential equation. From Equation (120) on page on page 89,

- - 1,VF - VIN
VO - VR1 = V. = VI sinh (2 =315 ) (192)

where Iin = (VF - VIN)/R3. Differentiating the above equation, one

cbtains
VO - VRL = VT z/Q1 + 22 (193)

where Z = (VF - VIN)/(2 R3 IS). Using the high frequency approximation of

AOQOL . AOL = _ AOL VF S, _ (R3 + R1) Rl
1+ ToLjw - TOLiw’ Vo = oL ° Substituting VRl = R VF - 3 VIN
and the above approximation for VO into Equation (193) and ¢ollecting
terms, the following differential equation results:

2—Y 4 2R3+ R1) 18) + 2 A0L 5 p3 15 = —yiy AOL
2,1/2 TOL TOL
(1L +29
R3 4+ R1
- VIN 23 . (194)

This equation is easily solved with CSMP by the following expression:
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Z = VIFRF/K ,

TOL (R3 + R1)

-K(VIFRF + VIN + VIN2 _ ") AOL SQRTZ
DVIFRF = _ _ AOL R3 . |
TOL (VT + 2 (R3 + R1) IS SQRTZ) ?
SQRTZ = (1 + _z2 1/2 , . (195)
and
t .
VIFRF = [ DVIFRF dX + VIFRFI ,

0

where K = 2 R3 IS, VIFRFL

VIFRF at t = 0, VIN2 = VIN, and VIFRF = VIFIRF
and VIF2RF when VIFRF is positive and negative, respectively. VF, VO, and

VRl are easily obtained using the following expressions:

VF = VIN + VIFRF

VR1 = VF + VIFIRF R1/R3 (196)
and
R1
VO = VF + VIFRF 35 + VT 1ln (Z + SQRTZ) .

For large |z| (|z| > 1000), replacing Z + SQRTZ with z + |z| + 0.5/|z]
will result in improved accuracy particularly if Z << 0. A computer
program using these equations is listed in Appendix C.

‘The average error of a transistor rectifier with R1 = 0 and o =1
as computed by the differential equation method is graphed in Figure 38
on page 177 along with the error as computed by the delay method for com-
parison. This graph shows that both techniques give essentially the same
results for rectifier errors above 0.37, but for lower errors, the
differential technique yields superior results. In fact, the

differential method gives accurate results down to rectifier errors of
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0.03% beyond which round-off error becomes significant (both graphs were
computed with STIFF integration). Moreover, double-precisicn Runge
Kutta integration can be used since there is only one pole. To discover
the effects of the integration routine and stép size on computed
rectifier accuracy, stiff, double-precision Runge Kutta (DKSDP), and
single-precision Runge Kutta (RKS) integration were used to simulate the
1 KHz 0.3 Vp performance. With PRDEL = 5 usec, IERORA is -0.11747,
-0.04188%, and -0.02609% for STIFF, RKS, and RKSDP integration,
respectively. With PRDEL = 2.5 psec, IERORA is -0.11827% and -0.082647%
with stiff and RKS integration. Reducing PRDEL further to ‘1 psec causes
IERORA to be -0.09675% with RKSDP integration. ‘This indicates that a
larger PRDEL can be used with stiff integration without changing the
results significantly. Also, PRDEL should be less than 1 usec when RKSDP
integration is employed. Surprisingly, the CPU time was essentially
independent of PRDEL for both STIFF and RKSDP integration, RKSDP taking
about 307 more CPU time than STIFF.

Figure 39 shows the rectifier waveforms for a 0.1 Vp input signal as
computed by both delay and differential equation methods. This shows
that there is little difference between the waveforms computed by these
two methods. Comparing Figure 39 with Figure 33(a), (b), and (c) on
pages 154, 155, and 156 where R1 = R2 = 2 KQ show them to be very similar
except the estimate for PHASE was poorer for the former causing a
cosinusoidal component of IERORT.

Error Analysis of the Darlington Transistor
Rectifier Circuit

The Darlington rectifier, as shown in Figure 21(e) on page 91, is a

modification of Figure 21(d) on page 91 which the author designed to
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(c) VOIDEL and IERORT computed by delay method.

Figure 39 (continued)
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2.900VVE-04s
3,00000E-04
3.10000€-06
3.20000E-0s
3,30000€-00
3.40000€-04
3,50000E-04
3.60000E-04
3.70000E-04
3,80000E-06
3,90000E-04
%.00000€E-04
4.10000E~08
4420000E-04
4.30000E~04
4,40000E-04
4.50000€-00
4.60000E-06
4.70000E-04
4.80000E-04
4.90000E-04
5.00000E-04
5.10000€E-0
5.20000E-04
S.30000E-04
5,40000E=04
5.50000E-004
§,60000E-04
S.70000E-04
5.80000E-04
S.90000E-04
6.00000E-04
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~7.5000E-03 oo t®1avF 7.5000€-03
~0.4000 S tetsvVO 0.6000
vo i VF
-0.29454 - | .- 1 i el i I 1 1 1 I =1.66293E~03
=7.63393E-02 I 1 1 I . 1 i 1 1 1 1 I ~6.27925€-03
0.36624 1 1 1, 1 1 LN 1 1. 1 i 1 1 =2.88252E-04
0.35722 I - I 1 1 I el 1. 1 1 RE I =l.41034E~-0s
0.36469 I.- I I 1 1 1 1. 1 1 1 I =1.03910k-04
0.37039 I Jeeme===] I I- . 1 1 1 1 1 =8.,32863E-05
0.37497 I 1 1 i 1 ° I 1 1 I 1 =6.,82101€~0>
¢.37877 1 1 1 1 I, e 1 1 +1 1 I =5.73099E-05
0.38200 1 1 1 1l 1 A 1. 1 -1 1 1 =4.943383k~-05
038477 1 1 I 1 1 e 1. 1 o1 I I =8,32059E=05
0.38719 1 1 1 I 1 ° 1 i .1 1 I =3.79570E-05
0.38930 1. 1 1 1 1 . 1 1 +1 ... 1 =3,33786E-0%
0.39116 I 1 I 1 1 @ 1 1 . Is.. 1 ~2.98619E-05
0.39240 1 B 1 1 1 ° 1 I . I 1 =2.060645E-05
0.39425 1 1 1 I I A4 1 1 . N 1 =2433650€~05
0439552 ifemececm]ececocc]ennone=] b4 Paswmamn] 1 - [e==r===] =2,09212E-05
0.39663 1 I 1, 1 I, hd 1 1 . 1 1 =1.91331E-05
0.39760 1 I 1 1 I ° I, 1 . 1 I =1.,63913E=0%
UedYoas 1 [ 1 1 1 @ 1 I . 1 1 =1.42455E-05
0.39914 I, 1 1 1 1 ® 1 1. L B 1 =1.22786E-05
0.39973 1 Joemamas] I 1 Gemamana] =I= .- -1 1 .-1.04308E-05
0.40021 I 1 i 1. 1 . 1 1 . I 1 -8.,28505E-06
0.400%8 1 1 I I I e 1 1 . 1 1 =6.19888E~006
0.40004 1 1 i 1 1 e 1 1. . .1 1 =4,64916E-00
0.a0099 1 I i I 1 ° 1 I . 1 1 =3.0398%E-0b
0.40105 1 1 1 I= I - 1- I=s s=¢emreceslecacana] =1.43061E=06
0.40100 1 1 1. 1 1 ® 1 1 . 1 1 2438619E-07
0.40084 1 1 1. 1 1 ° I, 1 . 1 1 1.90735£=-00
0.,40059 I 1 1 1. 1 @ 1 1, . 1 1  3.63%80E-06
OD.ouue2 I 1 1 1 I © 1 1: . 1 1 5.36442E-06
0.39975 1 Jeecane=] I 1 bl 1 I~== o I 1 7.152506E=-06
0.39916 1 1 1 i 1 e 1 1 . 1 I ¥.00030e-06
039046 1 I 1 1 1 e 1 i . -1 I 1.09070E-0>
0.39763 1 1 1 1 1. ° 1 I . 1 I 1.28706E-05
0.39066 1 1 1 I i .- 1 1 . 1 1 1.49600E~05
0,.39556 Jemeemea] -1 1 -1 @ =-1 1 -~ Jemwea=a] 1,72853E-09
0.39429 I I 1 1 1 e, 1, I . I« I+ 1.96099E-05
0.39285 1 I I 1 1 hd I 1. 4 ) SN 1 2.268)1)13E-05
0.39122 1 I I 1 1. .. 1 1 . R S 1 2.56890E-0%
0438937 I 1 I 1 I ° 1 1 .1 1 1 3.01600E-0S
0.38727 1 I 1 1 1 o 1 1 +1 1 I 3e32743E-05
0.38487 1 I 1 1 I ° 1 1 1 1 I 3.90150€E=-05
0+38212 1 1 1 I 1 A I 1 vl 1. = 1 <9.53882E=05
0.37892 1 1 1 1 1 « I I .1 1 I S5.2765VE-05
0.37515 1 I I 1 1 ° 1 1 1 1. 1 6.,18771E-05
0.37064 1 Jeemane-] 1 1 b 1 lemmecsa]=a I 7.79160E=05
0.36504 1 I I 1 I 1 1 1 1 1  9.78820E-0>
0.35778 1 1 I 1 1 1 I 1. 1. I 1e3lUovE-Qe
0.34759 1 1 1 i 1 1 1 I 1 1 1.9694%E~04
0.33081 I 1 1 1 1 1 1 1 o1 1 3.67567E-0¢
0.28846 1 I I 1 I 1 ¢leccecra]eccenac]saccana]  ],27245E-03
7.34026E-02 [ 1 i 1 1 + 1 1. e 1 6.27923E-03
=0.30626 I i i i - 1- 1 1 a1 2.823707-04
-0.35722 1 I 1 1 1 1 1. 1 o 1 leadUlR4F=-04
=0.36409 1« 1 I. 1. 1 1, i 1 1 1.0438KE=0s
=0.37039 I=-e Jro=oa==] 1 1 tecmroce]ecmne==] 1 1 I B.35769€E-05
-0.37497 | 1 T 1 1 s 1 1 1. -1 S H:TYTTE=0D
-0.37878 Ie I I I 1 e, 1 1" 1 1 1 Se.81294E-05
-0.38200 1+ 1’ 1 1. 1 ° 1 I, 1 -1 I 4.,96805€-05
=-0.38478 Te 1 1 1 I i 1 1 I ) S 1  4,32059E~0B
-0.38719 Ie 1- 1 I i g 1 1 1 I=: I- 3.77968E=-05

. (d) VF and VO computed by delay method. .

Figure 39 (continued)
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overcome the error limitations imposed by the current dependence of «
for real transistors. Three different computer simulations will be
presented: the first using the delay method and a simple power law
model for HFE(I), the second using the base-emitter capacitance of Q2
to write a differential equation, and the third using a three-term
power—law model for HFE(I) and includes all hybrid-pi transistor

capacitances and reverse saturation collector currents.

Delay method. The delay method can readily be applied to the

Darlington rectifier if R is neglected. The simplified expression for

HFE(I) is utilized as follows:
HFE(T) = HFE_(1/I)" . (197)

To simulate the Darlington rectifier, two quantities must be known: the
composite base emitter voltage and collector current (Ic) as a function
of IF1P. From Figure 40(a), the composite collector current is derived

in the following manner:

I rmupp o T% = TR Pad s (198)

e ck cl 1D
where
. _HFEL®
‘ s oy - HFE1l + 1 + HFEL”
1D 1 1 + EFEl 1 + HFEl 5

An expression can be derived for IF1P as follows: first equations are
written for IF1P and IF1P” ( “ applies to Ql”) in terms of their

respective base-emitter voltages:
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ORNL—DWG 76-19144

(a) Simple Darlington transister used in delay method
simulation.

(b) Circuit used to simulate Darlington transistor rectifier
by CBE2 differential equation method.

Figure 40, Circuit models used to simulate the Darlington transistor
fectifier. :
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(c) Circuit used in advanced simulation.

Figure 40 (continued)



IF1P = IS1l(exp (VBE1l/VT1l) - 1)

and (199)

IF1P” = IS1” (exp (VBE1”/VI1”) - 1) = IF1P/(1 + HFEl) .

Solving the above expressions for base-emitter voltages and assuming

matched transistors, VO - VR1 is

_ IF1P IF1P
VO - VR1 = VT1 ln((igi— #F l)(ISl (AFEL + 1) + 1)) , (200)
or
IF1P 2 IF1P E VO - VR1
Is1 + 1)° + HFE1l (Tgif-+ 1) = (HFE1l + 1) exp (__VEI_—_ .

Because IF1P/IS1 >>1 except when Q1 is turned off, the second term of the
above expression can be neglected. ' Substituting Equation (197) for HFE1l
where I is IF1P + IS1 and HFEl >> 1, the following expression for IF1P
results:

1

G vo - vrL

2
exp (v

IF1P = (I151° HFE_(IFIP_ + 1s1) ™ - ISl .  (201)

Since Equation (201) is strictly valid only for IF1P >> IS1, it must be
modified to approximate IF1P down to -IS1. The arbitrary modifications

to Equations (198) and (201) chosen for the simulation were:

HFE1 = BETAl = HFEo (IFlP +Iz ISlDAR)M ’

o

 * i IF1 + 2 ISIDARM
HFE1” = BETAIP = HFE_ (Io(BETAl i

(202)

and

IF1P = IS1DAR (exp(%%:ijg%%) -1) ,

1

v G
where ISIDAR = (ISlzﬂFEéIO) M, TR
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A CSMP program was written using expressions (120) to compute the
average error of a 2N5087 Darlington transistor rectifier. This program
is listed in Appendix C. To determine the constants of HFE(I), HFE at
0.01 and 0.1 MA were obtained from the typical HFE curve for a 2N5087
transistor as shown in Figure 41. HFEO Io_M was determined to be 8400
while M was found to be 0.301. Figure 42 graphs the average error as
computed by this program. Comparing this graph with Figure 38 on page
177 shows that the Darlington rectifier has appreximately 407 more error
than a single transistor rectifier with o = 1 at input signals below
0.1 Vp; however, the delay method gives lower error values for the
Darlington rectifier at input signals above T Vp. Comparing the rectifier
waveforms for the Darlington rectifier in Figure 43(c) and (d) with those
for the single transistor rectifier shown in Figure 39 on page 181 shows
that IEROR has a larger negative spike of longer duration for the
Darlington rectifier. Also, VO and VF are asymmetrical for the Darlington
rectifier. Symmetry can be restored, of course, by making Q2 a Darlington

transistor.

CBE2 differential equation method. A limitation of the delay method

is that it does not accurately represent the stray reactances of the
circuit. If Rl and R2 are combined as one resistor as was done in the
differential method on page 178, both delay poles may be replaced by CBE2,
as shown in Figure 40(b) on page 186. A simple differential node equation
describes the effect of CBE2 as follows:

VF - VIN

— = IF1 + IF2 + CBE2 (VO — VRL) . (203)

Substituting VF = VRL - Rl (IFl + IF2) and solving Equation (203) for VR1

yields the following solution:
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[ TTTTm T TII0m T T TTTm T T 11T
U
—
o
Wi
0.5 [
>
ul .
I .
= ---®--- TYP|CAL Hgg WHERE Hpgp = 520
0.2 |- WHERE X=3.156 x107%, Y=6.133x10° |
) Z=-0.003895, N=0,2536, AND
‘M=0.09486
S T O T A T T W T T T ARy
ot 2 5 032 5 1072 2 5 107 2 5 0 2 5 10
I (mA)
Figure 41. Typical H. for a-2N5087 transistor.
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ST TTITmT T T TTIT T T T T TTTTH
2 _
- Tdelay = O.4 L sec
-10! — Cbe2= 7 pF =
K= =
e -
§—4OOE E
s s =
o - \\ —
2 — . —
-40—45 \\\ A =
CE L i T
1073 2 B 10"2 2 5 4074 2 5 109 2 5 40

PEAK INPUT VOLTAGE (V)

Figure 42. Computed average error of Darlington transistor
rectifier with approximate Hgpgp for 2N5087, Ay; = 2 X 105, GBWP = 1 MHz,

Rl = RZ = 0f, and R3 = 2KQ.



TIME
0.0
1.00000E-05
2.00000E-05
3.00000E-05
4.00000F-05
$.,00000€E-05
6,00000E-05
7.00000E-05
8,00000E~05
9.00000E~05
1.00000€-~04
1.10000€~-06
1.20000€E-04
1.30000E-04
1.,30000E~04
1,40000E-04
1.50000F-04
1.60000£-04
1.70000E~04
1.A0000F-04
1.90000E-04
2.00000E=-0s
2.10000£-04
2.20000E-04
2.30000E-0s
2.8U000L~U4
2.50000L-04
2.60000E~04
2.T0000€-04
2.80000E~-04
2.90000E-~04
3.00000E-04
3.10000E-04
3.20000€E-04
A.A0000E-~04
3,40000€-04
3.5000uE~vs
3.60000E~04
3.70000E~0s
3.70000E-04
3.80000E~04
3,90000E-04
4.00000E-04
4,10000E-04
4,20000E=-04
4,30000E~04
4.40000E-04
4,50000€E-04
4.60000E~-04
4.70000E-04
4.80000€-04
4,90000E~04
S.00000E-04
5.10000€~ns
5.20000C~06
S.30000E-04
5,40000€-04
5.50000E-04
5.60000E-04
5.70000E~04
5.80000E=04
5.90000C-04
6.00000E~04
6,00000E~-0¢
$.10000E-04
6.,20000E-04
6.30000E-04
6.40000E-04
6.50000€-04
6.60000E-04
6.70000E~04
6.80000E=-04
6.90000E-04
7.00000E-04
7.10000E-04
7.20000€E-04
7530000E-04
T.40000C 04
T7.50000E=-04
T.60000E-04
- T«TO000E-04
7.80000E-06
T.90000E=0s
8.,00000E-04
8.10000E-04
0.200002-04
B8.30000E-04
B8.40000E-04
9.80000€ o
8.60000E-0s
8.70000E~04
8.80000E-04
8.90000E~-04
Q,00000E-04
9.10000E-0¢
9.20000E~04
9.30000E-04
$.40000€E-04
9.50000E~06
9.60000€-04
9.70000E=04
9.80000E~04
9.90000E-04
1.00000€~03

TERDKRT
~1.28564E-0s
-19.7126
=35.193
«0.83359
«0,61324
«0.4R709
«0,40096
~0,34224
-0.29357
~0.25744
-0,22658
-0.20523
~0.18)45
-0.16403
-0.16403
=0,12302
-0,13089
~0.11628
-0,10205
=9,1%a148E-02
“R.18552E-02
~6,60695E-02
~6.12319€~02
«5.07457€-02
~4.02595E-0¢
-2.93388¢-02
~Lillgvoc=-o02
=1.36095E-0v2
~1,87253E-03
S.617600E-03
1.57293€-02
2.73390E-02
3.87615E-02
4.98094E~-u2
6.16064E-02
T.26543E-02
YelbbbYL-02
0.10786
0.11987
0.11957
0.133875
0.16572
0.18865
0.2206R
0.25111
0,30131
0.36031
0.44427
0.56305
0.75477
1.1130
1.9856
S.4412
4,14238€-02
-1.28975E=02
~1.2R712€-0¢
=1.28718E-00
-1,28722E-00
~1.28725E-00
=1.28727E-0«
~1.24729¢-04
~14C0730E=0n
=1.28731E~04
=1.28731C-0s
=1.20732E~00
-1.28733E-00
~1.28734€-04
~1.2B734E-00

=1.,28735€-0¢

~1.20735E-00

~1.28735E~08"

-1.28736E-04
=1.28736E-0s
~1.28736£-04
~1+2R736E~04
=1.2R73RE-04
=1.28737F-Ne
~1+E8TITE=0n

=1.28737E-04’

-1.,28737€E-0a
=1.2R737E<0%
=1.2R8736£~0n
=-1.28736E~0s
~1.28736E-04
=1.28738E-04
=1.28738£208
=1.28735E~-va
=1+88735€-04

1.00735C-0%
=1.28734E-04
«1.28734E-04
~1+28733E-0s
=1.28732E-04
-1.,28731E-00
-1.28730C-04
=1.28729E-04
=1.28727E~06
-1.20872SE-0e
~1.2RT22E-04
~1.,2B871RE-0s
~1.28713E~05
=1.28703E-0s
~1.,28680E-04
=1.28567E-04

approximate H
and R

Figure 43.

. FE
:3 - ;Z l(SZI

0.y
=40.00

192

tes=vOJUEL
Vs TERVRT

1.0000€
10,00

. Ul D L g

7

.
A

N

1
1
1
facecann
. T
- 1
. 1

.

-

e

s o0

3

se s e

Pe e

s e

DRI AP Y

L I R O N S I R N N S N I T O S S R S S S Y U

et it e St ot ot =8 Ot 0 Pt B kb bt bt ot bt B b g o ok b i it P ot Pt ey B ) ot b P b 4 Bt It b bt bt B It b bt b g ot et bt o md hd d Bt 0 ot e ot bt it by B P b o gt ot 0 Bt bt s d 0 e s bt B bt Bt 1t ot bk e s 4 & rn

.

et e it g Gt bt ot e G ot Bt S O bt bt Ot St ottt O Bad Bt o bt B Bt Ot b Ot I Ot ol Pt i B 04 Db ot it bttt ot Dt bt b b o pmt bt by ek Bt bk ot Bt (gl b Ot Bk bt 9t e Bt Bk ot St ot ottt

a
.
.
.
1
1
1
1
1
1
1
1
1
1
1
1
I
1
1
1
1
1
1
1
1
1
1
1
1
1
t
1
1
1
1
1
1
1
1
1 1
cecoemmemmeosen [SEiasan]
1
1
1
1
1
1
1
1
1
1
1
I
1
1
1
1
1
I
1
I
1
1
1
1
1
1
T
1
1
1
1
1
1
1
1
1
1
1

k0t e ot Ot bbbt 0t Bt Bt d B e Ot Bt (et Bt bon B4 P Pt Bt Pt et b B Pt (0t d Bt Bt Ot e e it Bt Ot % 0t Bt bt et ot I md ot Bt b b ot it Bt bt (g =t $ms bt Pt ot e e Pk Ok ot 4t bt Bt e Ot P e

B ol e T L Iy SR Fp i . . AU A,
4

- ot 0ag e S bt o g bod g bt om0ttt b ettt it bk Pt b S 4

(a) VOIDEL and IERORT with CBE2 = 7 pF,

-01

VOIDEL
6.27904£-03
1,25333E-02
1.87381€-02
2.48690E-02
3.09017E-02
3,68124£-02
4.25779€-02
4.81754€-02
5.35827€-02
S.87785€-02
6.37423E-02
6.8454TE-02
7.28968€-02
7.28968€~02
7.70513E-02
8.09017E-02
8.44328E-02
8.76306E-02
9.04827E-02
9.29776E-02
9.51056E-02
9.68583E-02
9.82287E~02
9.92115L-02
9.20021C-02
0.10000
9.98027E-02
9.92115€-02
9.82288E€-02
9.68584E-02
9.51057E~02
9.29777€~02
9.04928€-02
8.76307€~-02
UMM IZVE-02
840901802
T.T0514E-02
7.28970E-02
7.28970E-02
6.84549E~02
6.37425E~02
5.87788E-02
5.35020E-02
4.817556-02
+.25782€-02
3.68126E-02
3.09019E-02
2.48692E-02
1.87384E-02
1.25335€-02
6.27930F-03
2.53524€-07
0.0

0.0

9.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0 .
0.0 -
0.0
0.0
0.0
0.0
0.0 -~
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0 -
0.0
0.0,
0.0
040
0.0
0.0
040
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
9.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Computed performance of a Darlington rectifier with

for 2N5087, A°

1

2 x 102, GBWP = 1 MHz, Ry

= R2 = 00,



TIME

0.0

1.00000E~05
2.00000E-05
3.00000E-05
4.00000E-05
5.00000E~05
6.00000E<05
7.00000E-05
8.00000E~05
9.00000E~05
1.00000E-04
1.10000E~04
1.20000E~04
1.30000E-04
1.30000E-04
1.40000E-04
1.50000E-04
1.60000E~04
1.70000E~04
1.80000E=04
1.90000E-04
2.00000E~04
2.10000E~04
2.20000E-04
2.30000E~04
2.40000E-04
2.50000E=04
2.60000E~04
2.70000E-04
2.80000E-04
2.90000E-04
3.00000E-04
3.10000E~04
3.,20000E-04
3.30000E-04
3.40000E-04
3.50000E-04
3.60000E~04
3.70000E~04
3.70000€-04
3.80000E-04
3.90000E~04
4.00000E-04
4.10000E~04
4.20000E~04
4.30000E-04
4.40000E-04
4.50000E-04
4.60000E~04
4.70000E-04
4.80000E-04
4.90000E~04
S5.00000E-04
5.10000E-04
5.20000E-04
5.30000E-04
5.40000E-04
5.50000E~04
5.60000E~04
5.70000E~04
5.80000E-04
5.90000E~04
6.00000E~04
6.00000E~-04
6.10000E~04
6.20000E~04
6.30000E~-04
6.40000E~04
6.50000E-04
6.60000E~04
6.70000E~04
6.80000E~04
6.90000E~04
7.00000E~04
7.10000E~04
7.20000E~04
7.30000E~04
T.40000E~-04
7.50000E~04
T.60000E~04
7.70000E~04
7.80000E~04
7.90000E~04
8.00000E-04
8.10000E~04
8.20000E~04
8.30000E~04
B8.40000E-04
8.50000E~04
8.60000E~04
B8.70000E~04
8.80000E-04
8.90000E~04
9.00000E~04
9.10000E-04
9.20000E-04
9.30000E~04
9.40000E~04
9.50000E~04
9.60000E~04
9.70000E~04
9.80000E-04
9.90000E~04
1.00000E~03

=1.2500E=02
=0.4500
vo
=-0.,28942

=9.08958E=02
0.44703
0.57335
0.58620
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terayF
Ver=vo

s e

1.2500€~

1.050

0.59597
0.60330
0.61029
0.61579
0.62052
0.62463

0.62823
0.63140
0.63419
0.63419

0.63665
0.63881
0.64070
0.64235
0.64378

P I S A BRI R

]
H
i
1

0.64498
0.64599
0.64680
0.64743
0.64787

0.64814
0.64823
0.64815
0.64789

0.64683
0.64603
0.66504
0.64384
0.64243

0.64079
0.63891
0.63676
0.63432
0.63432

B L ) G

-t kbt 0t 0k Bt b Bt it it ok Ot ot 0t Ot ottt g

1

0.63156
0.62842
0.62485
0.62078
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(b) VF and VO with CBE2 = 7 pF.

Figure 43 (continued)
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VF
=1431536E-03
=5.76049E-03
=1.03109E~02
~2.42591E-04
=1.7B039E-04
«1.41561E=-04
=1.15812E~04
~9.78112E-05
~8.42810E-05
=7.34329€-05
=6.43730E~05
=5.65052E~05
=5,05447E~05
~4.32134E-05
=4.32134E-05
~4.02331E-05
=3.57032E-05
=3.17097€E~05
~2.80142E-05
~2.41399E~05
=2.07425E-05
~1.75238E-05
=1.47820E-05
=1.19805E-05
-8.,88109E-06
=6.37770E~06
=3.39746E-06
~2.98023E-07

2.80142E~06

4.T0877E~06

B.22544E-06

1.10865E~05

1.40071E~05
1.77622E~05
2.09808E~05
2.44975€E~05
2.83718E-05
. 3.25441E-05
3.78489E-05
3.78489E-05
4.35710E-05
4.95315€-05
5.68628E-05
6.54459E-05
T«67112E~05
9.15527E-05
1407944E-04
1,30296E-04
1.65701E~04
2.23041E-04
3.25084E-04
5.79596E-04
1.58811E-03
5.77211E-03
1.02290E-02
1.42157E-04
1.05798E-04
8.47578BE~05
6.,8187TE-05
5.77569E~05
4.97103E~05
4.30942E-05
3.70741E-05
3.70741E-05
1.41323E~04
5.23329€E-05
5.09024E-05
1.96695E~05
1.78218E-05
3.57628E-06
1.99080E-05
4.13656E-05
~4.65512E~05
=2.38419E-05
9.71556E-06
1.43468E-04
1.76430E~05
=3.08752E~05
=1.12653E~-05
=3,17097€E-05
=3.81470E-06
7+.03335E~06
=1.33932E~04
~6.44326E~05
~2.03252€-05
=1.53959E-04
6.10352E-05
=7.62939E~06

0.0

4.17233€E-07

1.13845E-05
5.10812E-05
~5.75781E-05
~5.19156E~05
~3.05176E~05
~4,18425E~05
=5.80549€E-05
~6.,38962E-05
-4 ,.48227E-05
~8.6426TE~05
=1.22070E~04
=1.87159E~04
=3.3944B8E-04
=1.06269E-03
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Dau terzvolutL 1.0000E-01
=24aul ter=lbnRun| ©6.000

TIME TFRORT VOIDEL

0.0 0.0 ® 1 1 4 I I 1 0.0
1.00000E=05 =l#.>10 1 I 1 1 1 1 1 1 4.01H54E~03
2.00000E-05 =g22.518 i 1 1 I 1 I 1 1 1.08818E-02
3.00000E~05 4.3780 1 1 1 I 1 I I . I 1.71021E-02
4.00000E~-05 “.5023 I 1 1 I 1 1 1 . I  2.32549E-02
5.00000€~05 #.5357 1 1 L I I 1 1 I 2.93159E-02
6.00000E~05 445036 1 I 1 I 1 1 I . I 3.52612E-02
7.0000VE=-05 4.4423 I I# L I 1 I 1 . I 4.10674E~02
B8.00000E-05 “.3c42 1 1 ® 3 I 1 I 1 - I 4.67115E-02
9.00000E=05 “.lvdS { 1 l:e 1 1 o 1 . I 5.c¢l1712E-02
1.00000E~04 “.0s33 I I L= 1 I 1 l==¢====] 5,74250E~02
1.10000E~04 3.8071 1 I 1 1 e 1 1 Ry 1 6.24523E-02
1.20000E-04 3.6739 I 1 1 9 LA | 1 I+ 1 6.72330€~02
1.30000E~-04 3.4597 1 1 i 1 1 1 1 I T.17484E-02
1.40000E~04 3.2294 I I 1 ¢ 1 i . I+ I 7.59807E-02
1.50000E-04 2.9858 1 1 i 1 1 1 7.99130E~02
1.60000E~04 2.7258 I I i I 1 1 » . I 8.35300E-02
1.70000E~04 2.6596 1 1 1 I 1 I o1 1 B.68174E-02
1.80000E~04 2.11796 1 I i 1 1 1 L 1 B8.97621E-02
1.90000E-0% 1.8899 I 1 1 1 1 1 ¢ I« I 9,23526E-02
2.00000E~04 1.5917 )¢ 1 1 Fomanape 1 1 [e==®eee] 9,45786E-02
2.10000E~04 l.2db6 i} I i I 1 1 . I ® 1 Y.64314E-02
2.20000E-04 0.97u21 I I 1 1 1 ) S 1 ®1 9.79035€E-02
2.30000E-04 0.66¢13 I 1 1 I 1 I e 1 *  9.89893E-02
2.40000E~04 0.34286 [ z i 1 1 184 1 ®  9.96844E~02
2.50000E-04 2.32194E-02 | 1 1 I 1 . 1 9.99861E~02
2.60000E~04 =0.29698 1 I 1 I 1 *1 1 *  9.98933E~02
2.T70000E=04 =0.61550 1 1 1 1 1 *1 1 *  9.94062E-02
2.H0000E~04 ~0.93009 I I 1 I 1 ¥ I I *] 9.85268E~02
2.90000E~04 =1.2426 1 1 1 I 1 6 LA 1 * 1 9.72585€E-02
3.00000E-04 ~1.54748 1 I 1 1 ===y 1 I 9.56064E-02
3.10000E-04 ~1.8482 I I L I T 1 1 I 9.35770E-02
3.20000E~04 =-c¢.1437 1 I 1 I 1 I 1 I 9.11783e-02
3.30000E~04 =2.4227 I 1 1 I foe 1 3 ¢ I  B8.84197E-02
3.40000E~04 =2.,6942 I 1 i I 1« I LA I B8.53122E-02
3.50000E~04 =2.9535 I 1 1 1 1 1 1 8.18681E~02
3.60000E~04 =3.2002 I )¢ 1 1 * *y 1 I T7.81007E~02
3.70000E~04 =3.4352 I I 1 1 el I 1 I T7.40253E-02
3.80000E~04 ~3.6499 1 I 1 I Lo 1 1 I  6.96576E-02
3.90000E~04 ~3.8456 1 I 1 1 * 4 1 1 1 1 6.50150E~02
4.00000E~04 =4,0286 I I 1 Lo o 1 1 1 6.01160E-02
4.10000E~04 =4.1880 1 I i ® I oy I 1 I 5.4979%E~02
4.20000E-04 =~4,3208 I 1 el I S  § I 1 4.96261E-02
4.30000E-04 =4,4319 I & 1 1 * 1 ¢ 1 1 4.40770E-02
4.40000E-04 =-4.5]02 I 1 1 I * 1 1 1 I 3.83537€-02
4.50000E~04 =4.54064 1 I 1 [=o=tman] 1 1 I 3.24791E-02
4.60000E-04 =4.5322 I I 1 1 * 1 1 1 I 2.04765E-02
4.70000E-04 =4,4275 1 I 1 I + 1 1 1 I 2.03693E-~02
4.80000E-04 =4.,1520 1 1 1 1 *: 58] I 1 I le.4l816E-02
4.90000E~04 =-3.3562 I I 1 I +1 I I I T7.93809E-03
5.00000E~04 1.5904lce=-02 | I 1 1 1 * 1 I 1le.06319E-03
S.10000E=-04 2.97969E~-u2 * I 1 1 1 . I 1 0.0
5.20000E~04 ~1.28680E~04 ¢ 1 1 1 1 . 1 I 0.0
5.30000E~04 =1.28712E-04 * I 1 1 1 * 1 I 0.0
S5.40000E~04 ~1.28719E=-04 @ I 1 I 1 . 1 I 0.0
5.50000E=04 =1.28722t=04 * 1 1 I 1 1 I 0.0
5.60000E=-04 =1.28725E~-04 * I 1 1 1 i I I 0.0
S5.70000E~-04 ~1.28727c~-us @ 1 1 1 1 . 1 I 0.0
5.80000E~04 =1.28729E~04 * I 1 I I . 1 I 0.0
5.90000E~04 -1.28730E~04 ® 1 1 1 1 + 1 I 0.0
6.00000E~04 ~1.28731E~04 ® I 1 1 1 1 I 0.0
6.10000E~04 =1.2H732E~04 * 1 1 I 1 & I I 0.0
6.20000E~04 =1.28733E-04 * 1 i 1 1 ¥ 1 1 =00
6.30000E~04 =~1.28734E-us © I 1 I 1 . 1 I 0.0
6.40000E~04 ~1.28734E~04 ¢ I 1 1 1 . 1 I 0.0
6.50000E~04 ~1.28735E-04 ¢ I 1 1 1 1 I 0.0
6.60000E~04 ~1.28735E~04 ¢ I 1 I 1 . 1 I 0.0
6.70000E~04 ~1.28735E~04 « 1 1 1 1 + 1 I 0.0
6.80000E~04 ~1.28736E~04 = I 1 I 1 + I I 0.0
6.90000E~04 ~1.28736E-04 = I 1 I 1 * I I 0.0
7.00000E~04 ~1.28736E~04 ® 1 1 1 1 1 I 0.0
7.10000E=04 ~1.28736E~04 * I 1 1 1 L 1 1 0.0
7.20000E=04 =1.28736E~Vs * I 1 1 1 . I 1 0.0
T7+30000E~04 =1.28737E~U4 * I 1 1 1 . I I 0.0
T.40000E=04 =1.28737E~0V4 © I 1 1 1 . 1 I 0.0
T.50000E~04 =1.28737E~04 » 1 ) i 1 . I I 0.0
T7.60000E~04 =1.268737E=C4 * 4 i 1 1 + 1 I 0.0
7.70000E=04 =1.28737E~04 ¢ I 1 I 1 ‘ 1 I 0.0
7.80000E~04 ~1.28736E~-Us © I 1 I 1 - 1 1 0.0
7.90000E~04 ~1.28736E~04 * 1 4 1 1 . I I 0.0
8.00000E~04 ~1.28736E-04 I 1 1 1 1 I 0.0
8.10000E=04 =1.2873KE~U4 ¢ I i I 1 + I I 0.0
8.20000E~04 ~1.208736E~04 * 1 1 1 1 * 1 I 0.0
8.30000E~04 =1.28735E~04 * I 1 ) { 1 . I I 0.0
B8.40000E~04 ~1.28735E~04 ¢ 1 1 1 1 . I I 0.0
8.50000E~04 ~1.28735E-04 « I 1 1 1 1 I 0.0
8.,60000E~04 ~1.28734E~Vs * 1 1 1 I . I I 0.0
8.70000E~04 ~1.28734E~v4 * I 1 1 1 . 1 I 0.0
8.80000E~04 =1.28733E~04 © I 1 1 1 . 1 I 0.0
8.90000E=04 =1.28732E~-u4 * I 1 1 1 + 1 I 0.0
9.00000E~04 ~1,2B731E~04 ¢ I 1 1 1 I I 0.0
9.10000E~04 ~1.28730E-04 @ 1 i 1 1 . 1 1 0.0
9.20000E=04 =1.28729E~04 @ 1 1 I 1 . I I 0.0
9.30000E=04 =1.28727E~0s * 1 1 1 1 . 1 I 0.0
9.40000E~-04 ~1.28725E~04 @ I 1 1 1 . I I 0.0
9.50000E~04 ~1.28722E~04 * 1 1 I 1 1 I 0.0
9.60000E~04 =1.2871BE=~V4 ¢ I 1 1 1 + 1 1 0.0
9.70000E~04 ~1.28712E=04 ¢ 1 1 1 I * 1 I 0.0
9.80000E~04 =1.28702E~V4 * 1 i 1 1 * 1 I 0.0
9.90000E=04 =1.28680E~04 * I 1 I 1 = 1 I 0.0
1.00000E=03 =1.28563E=04 * 1 1 1 I 1 1 0.0

OIDEL IERORT
(c) V and with Tdelay

Figure 43 (continued)




TIME vo
0.0 =0e29454
1.00000E-05 -7.5v00/€E~-ve

“leyvuvug-vé L.0000E~
=0.4300 1.050
[=eccem- sommemen e et R e Bt R e hd ROC TR
! 1 1 1 1 1
2.,00000E-05 U.eynvl [ 1 3 1 1
3.00000E-05 0.57455 1 1 1 1 1 I
4,00000€E~05 0.58045 t ( 1 I 1 1
5.00000€-05 0.59507 1 1 i 1 I~ 1
6.00000€~05 0.60308 ! I 1 1 ! 1
7.00000€-05 U.6iuds t 1 t I 1 1
8.00000E-05 O.olvas 1 1 1 1 1 1
9.00000E-05 0.620>7 t 1 i 1 1 1
1.00000E-04 0.62407 lememome 1 i J5===sesfetcmcio]emavenn]scanman]
1.10000E-06 0.02827 i t 1 1 ° 1 1 1 1
1.20000E-04 Q.03le3 1 i 1 1 @ 1 1 1 1
1.30000E~08 0.63422 1 i i 1 v I 1 I 1)
1.40000€-04 0.03667 i 1 i i © 1 1 1 1
1.50000€-04 0.bJon3 femeeens 1 1 1 Ommemcee Je==-mec]escmem-jeccacac]aacaaan]
1.60000E-0s 0.08072 1 1 1 1 - 1 1 i 1
1.70000E-04 O.68¢37 t i 1 I @ 1 ] I 1
1,80000E~04 U.be3/v 1 1 1 1 - 1 . I 1 1
1.90000€~04 0.64500 I ! 1 1 “ 1 . i 1 I
2.00000E-0a 0.64600 f-emaee- [emvecenjomannan Ja==me=o] v- 1 I==¢-mmcjeaccaeax [=avenan]
2.10000€~0a O.06081 i ! 1 1 t o i [ 1 1 1
2.,20000E-04 U.b8743 t 1 1 v t . i 1. 1 t 1
2.30000€E-04 0.64787 1 i 1 1 1 @ 1 I . 1 1 1
2.40000E-04 0.64d14 i 1 I 1 t M I I . 1 I 1
2.50000E-04 0.64823 [ i 1 © 1 Rt CAL DL LY |
2.60000E-0s D.pedle 1 1 1 1 I @ 1 1. 1 1 ]
2.70000E-06 . V.64 /48 t 1 t 1 1 ° 1 1 .
2.80000E~04 0.66745 1 i I [} 1 - 1 1.
2.90000E~-04 0.66083 t 1 1 [ 1 ° 1 [
J.00000E-06 0,002 1 i 1 1 1 e 1-- 1==s
3.10000E-04 0.08503 1 1 i 1 1 . 1 [
3.20000E-04 0.64383 1 I i l 1 - 1 1 -
3.30000E-04 O.o4csl 1 1 I t 1 © 1 1
3.A0000E~04 U.04u?7 ! 1 1 ! t ° 1 1
3.50000€-06 0.63a89 1 [ELTTES -1 1 ¥ ° 1 1
3.60000E-06 0.64078 1 1 1 W 1 ° 1 i
3.70000€-04 0.63430 1 1 1 L t v 1 1~ 1 1 1
3.80000E=06 v.63t52 i i i i t ° 1 L~ 1 I 1
3.90000E-00 U.olusA H 1 1 1 1 © 1 1 i 1 1
4.00000E=04 0.62481 lemomoe- [==s-cem]emremcn Im==m=oo | O bttt LA T Y | eI 1
4.10000E-06 0.62073 { 1 1 1 1 . 1 1+ 1 14 1
4.20000E-04 0.61605 i 1 1 1 1 o t 1e 1 t 1
4.30000€E-04 0.6luo2 1 1 i 1 1 M I 1e 1 1 1
4.40000E~04 U.bDec3 { 1 1 1 I v 1 . 1 1 1
4.50000€-06 0.5v656 lewmaom- [emscsecfemmemca e S e ltanacan 1 . 1 1 1
4,60000E-04 0.58708 i t 1 1 ! le 1 ¢l 1 1 1
4.70000E-04 0.574u2 1 t 1 1 1 ie 1 .1 1 1 1
4,80000E~04 0.55770 1 i 1 1 1 1e 1 .1 1 1 1
4.90000€~04 0.53009 1 1 i 1 1 1 | O | 1 1 1
5,00000E-04 0.46798 foremmnan [=~emcce]emmnacn JEE R R C lemmccceommeace] 1 1 1
5.10000E-04 0.24018 1 1 1 I 1 o 1 1 1 1e 1 1
5.20000€-04 =-0,32673 i A ! 1 I t i I i .l I 1
5.30000E~04 ~0.357¢6 1 . I i 1 1 le 1 { ! 1 I
S.40000E~08 -0.36672 1 . 1 t I I ° 1 i I I 1
5.50000E~04 =0.37042 femmseme]omnocen) 1 1 ° 1 1 1 1 1
5.60000E-08 =0.37499 1 . 1 1 1 ¢ . 1 I 1 1 1
S5.70000E-04 =0.37479 [ t 1 L 1 @ 1 I 1 1 t
5.80000E~04 =0.362¢1 ro. 4 4 t I @ 1 H t t 1
$.90000E-04 =0.33479 [ 1 I t 1 . 1 t 1 1 1
6.00000E=04 ~0.38721 lamsmmme[mmnccan] -1 1 Vemememm] 1= 1 -1 1
6,10000E=04 =0.3Rv32 1 . 4 1 ! 1 ° 1 § 1 1 1
6,20000E~04 =0.39117 1 . { 1 1 I ° 1 1 1 1 1
6,30000E=-0s =0.3w¢nl [ 1 1 1 i ® 1 1 1 1 1
6.40000E-04 =0.39425 [ i 1 ] 3 @ 1 1 1 1 1
6.,50000E-04 =-0,39552 letecccccfocmmana]mmmemang 1 °- 1 i 1 1 1
6,60000E=-04 -0.390064 I . 1 1 1 1 ° 1 1 t 1 1
6.70000E-04 =0.39700 [ 1 i 1 I - I 1 i 1 1
6.80000E=04 -0.39540 1. | 1 1 1 v 1 1 1 1 1
6.90000E-04 =0.39915 [ R 1 1 1 i © I 1 3 1 1
T.00000E=04 =0.39974 levenmae- {=mreee~ [=~o=m=- l-==r=== 1 e- 1 1 1 1 I
7.10000E-04 =-0,40021 | 1 1 1 1 . 1 1 1 1 1
7.20000E-04 =0.40058 [ 1 i 1 1 - 1 1 1 t 1
7.30000E~06 =0.40084 1. 1 1 1 1 v 1 1 1 I 1
7e40000C-06 ~0.4%0049 i 1 ¢ L 1 ° i 1 i 7 I
7.50000E-04 -0.40105 e LR L St RALI ST LY RIS EETE T L SIS -1 1 I v 1
7.60000E=04 ~0.40100 L. 1 1 @ 1 1 1 1 1
7.70000E~04 =0.40084 I . 1 1 . 1 1 ] 1 1
7.80000E-04 ~0.4005% | g3 1 1 1 @ 1 1 t 1 1
7.90000E-04 -0.40022 | S ! 1 1 - 1 1 1 1 1
8.00000E~048 ~0.39975 1=+ 1 t- i > 1 1 1 I I
4,10000E=0+ =0.39v16 1. 1 1 1 @ I 1 1 1 1
8.,20000E~04 =~0.39345 [ R 1 1 1 1 ° 1 1 1 1 1
8.30000E-04 -0.39782 oo 1 Bs 1 1 © 1 1 1 1 1
8.40000E-04 -0,39000 I 1 1 i i - 1 1 1 1 1
8.50000E-04 -0.39955 I=omcnmee i 1 ] I . -==1 I 1 1 I
8.60000E-04 -0.39024 1. i 1 1 1 ° 1 I 1 1 1
8.70000E-04 -0.39285 L. 1 1 1 t o 1 i ] 1 1
8.80000E-0s -0.3v121 [ B 1 i 1 I - 1 1 1 I 1
8,90000E-08 -0.38936 | B 1 1 1 I ° 1 1 1 1 I
9.00000€-04 -0.34726 R e E e B B e e e t ° 1 1 1 1 1
9.10000€~04 =0.38486 | S t 1 t I - 1 i 1 1 1
9.20000E-04 ~0.38210 | 1 1 L 1 ° 1 1 1 1 1
9.30000E-0a =0.37490 I . t i t i ° 1 I t 1 1
9.40000E=04 =0.3ATH11 i . 1 1 1 1 hd i 1 1 1 H
9.50000E-04 -0.37061 frmmemmolmomcecrfarecennocmransn] o= t 1 1 1 1
9.60000E-04 =0.36501 [ B I 1 1 . 1 1 1 1 1
$.70000E-04 ~0,35774 1 . 1 ! 1 1 .1 1 1 1 1 1
9.80000E-04 =0.34753 1 o1 t 1 1 L3 1 1 1 1 1
9.90000E-04 -0.33u70 1 1 1 1 I s I ) SN 1 1 1
1.00000E-03 ~0.28K19 [ tvmmemea] chaid ELSbEbad Rl 2 1 1 1 1 1
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(d) VF and VO with T = 0.1 usec.

delay

Figure 43 (continued)

02
vF

=6.27935%€E~-03
~8.81840E-03
=2.41019E~0s
=1.79280€E-0+
-1,40157E-04
=1.15622E~-04
~9. T4TSIE=05
~8e51192E~05
~T.25724E-05
~6.38291E-05
~9.08456E05
-4, 94T YE-05
-6,02863E05
~3.96371E-03
=3.52263E-0%
=3.20077E-05
=2, 71797E~05
“2.38034E-0%
-2.02060E-0%
~1.T70409E-05
=1.41263E-05
“1.03712€-05
~T.93702E-06
~9.78165€E-006
~3+03984E-06
~5.96046E-07
2.20537F =06
5.36442E-06
7.98702E-00
1.12653E~05
1.430SIE-0%
1.04509€-05
2+11000E-05
2.49147E-05
2.92063E-05
3.36766E-05
3+ TT893E-05
4.3T498E=0D
5.10812E-05
5.75185E~05
6.6082YE~05
7.75717E=05
9.03085E-05
1.07512E~0s
1432017E-04
1.66360E-04
2.23082E=04
3.27725€E-04
5.91397E-04
1+66847E-03
6.28843E~03
S.67032E-03
1.42097E~04
1+03533€E-04
8.1945¢CE~05

6.77481E-05
$.72834E-05
~.92TAsE-05
4.25652E-05
3.85828E~05
3.36170E~05
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VR1 = VO + VRP ,
t

VRP = [ DVR dt + VRPIC , (204)
0

DVR =

(VIN. - VR1 + (IF1 + IF2) (R1 + R3))/(R3 CBE2) ,
and '

VRPIC = (IF2IC - ISIDAR) (Rl + R3) - VOIC .

These equations can readily be applied to either dicde, trénsistor, or
Darlington transistor rectifier circuits. A CSMP computer program using
the above equations to simulate a Darlington reétifier is listed in
Appendix C.

The average error and rectifier waveforms fo; a Darlington
rectifier as computed by Equation (204) are shown in Figures 42 and
43(a) and (b). From Figure 42 it is shown that using CBE2 gives slightly
higher error than the delay simulation. Also, round-off eIror occurs
more abruptly for CBE2 differental method. The waveforms for both

techniques are essentially the same at 10 mV peak input signal.

Advanced analysis. The differential equation technique can be

expanded to include all hybrid-pi capacitances as well as complex models
for HFE(I). The complete circuit to be simulated is shown in Figure
40(c) on page 187A(CSMP program listed in Appendix C). |

Ig the computer simulation, differential eéuétions are wfi;ten to
1nc1pde the effects of transistor capacitanées; First, a node equation

is written for node number 1:

IE1P = IR + IBl + ICOB1 + ICBE1l - ICBELP ,

where
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IEIP = ISIP (exp(%%%%zo -0,

IR = VBE1/R ,

1Bl = IE1/(HFEl + 1) - ICBO1l ,
(205)

IE1l = IS1 (exp(%%%l) -1,

ICOB1 = COB1 (VBEl + VF) ,

i

ICBELl = CBE1 VBEL ,

and

ICBE1P = CBE1P VBEIP .

Making use of the fact that VBE1P = VO - VF - VBEl, Equation (205) can

be solved for VBEL:

VBEl = VVBEl + (CBE1P VO - (COBl + CBE1P) VF)/SUMC ,

where
VVRE1 = [ DIEIP dt ,
. (206)
DIEIP = Dgﬁ;gP _ IE1P _sﬁgé - IR
and

SUMC = CBE1l + CBE1lP + COBl .

Next a node equation for node number 2 can be written:

4

I3 + IF1 + IF2 =0 ,

where
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13 = (VIN- VF)/R3 ,

IF1 = IEl1 + ICBEl + IR ,

1IF2 = 1IE2 + ICBE2 , (207)
' VFP

1E2 = -1IS2 (exP(VTE -1,

VFP = VF - VO ,

and

ICBE2 = -CBE2 VFP .
Finally, the output current (IC) is given by the following expression:

IC = TE1 al + IE1P alP + ICBOl1 + ICBOlP - ICOBl1l - ICOB1P ,
where (208)

ICOB1P = COB1P VO .

-

In this simulation a fourth-order exponential equation is employed

to model Hons i.e.,
Hep = 1/(X Ny Maa . (209)

A computer program designed to compute the constants of the above
expression as written by Bernstein7O was incorporated in the CSMP
simulation. To compute these five constants, five data points of the
i 1s HFE at

collector, current Ii' The five data points>are defined as follows:

form (Ii’ Bi) are specified on two parameter cards. B

1. Il is the minimum current of interest.

2. 12 is a current less than Ip but greater than Il.

3. Ip is the current at which HFE is maximum.
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4. I3 is a current greater than Ip but less than 14.
5. Ié is the maximum current of interest.

Usually better results are obtained when Il and 14 are widely separated
from Ip. Finally, I and Ii nust be nonnegative to insure a real HFE'
Dgta points taken from the typical curve of a 2N5087 transistor as
graphed in Figure 41 on page‘190 were used in this simulation. The data
points chosen are listed in the program in Appendix C. The resultant
equation and its curve may also be found in Figure 41. Note that the
equation fits the data to within 15%.

| The results of the advanced simulation for a 1 KHz input signal and
GBWP = 1 MHz are shown in Figures 44 and 45. In ‘this simulatioﬁ, as in
all the advanced simulations of Darlington transistors presenfed in this
work, all transistor capacitances are assumed to be 7 pF. Figure 44(a)
and (b) depict the average error for R = 1 G and 14.7 KQ. Note that the
average error changes polarity with input voltage for R = 1 GR. The
positive error at low input voltages is due to charge storage in CBEI.
When Q1P is turned off, CBEl must discharge through the high resistances
of the base of Ql and the reverse-biased base-emitter junction of Ql.
This behavior is illustrated by both computed waveforms (Figure 45) and
experimental waveforms (Figure 46) of VBEl' Testiapparatus used to
measufe Darlington rectifier performance is illustrated in Figure 47.
This charge storage effect also causes the peak rectifier error to change
polarity twice as the input increasesv(Figure 44(ec) and (d)) when
R =1 GR. Letting R = 14.7 KQ provides a dischérge path for CBEL. AsA
shown in bouth computed and experimental waveforms (Figures 48 and 49),

VBEl goes to zero when QlP is turned off; i.e., CBEl is discharged. Note



200

ORNL-DWG 76-49148

2 e T TTTTIT T T TTTIT T T TTTIT]
\ v :

O Po <O, R=1 GQ
— —e®P,>0 R=1 G
A Pe <O, R=14.7 KQ

L L

PERCENT TOTAL AVERAGE ERROR

» R RN
1073 2 5 107% 2 5 107! 2 5 100
PEAK INPUT VOLTAGE (V)

(a) Logarithmic plot of total theoretical average error.

Figure 44. The 1 KHz gerformance of  Darlington 2N5087 transistor
0~,

rectifier with Aol =2x1 GBWP = 1 MHz, Rl = R2 = 0f, and R3 = 2 KQ,
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Figure 44 (continued)

(b) Linear plot of total theoretical average error.
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(c) Logarithmic plot of total theoretical peak error.

Figure 44 (continued)
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(d) Linear plot of total theoretical peak error.

Figure 44 (continued)
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(e) Nonlinear error voltage with R=1c¢CQ.

Figure 44 (continued)
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(f) Nonlinear error voltage with R = 14.7 KQ.

Figure 44 (continued)
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(a) VIF1RF, VOIDEL, and IERORT with Vinp = 10 mV,

Figure 45. Computed 1 KHz waveforms of a Darlington 2N5087
transistor rectifier with R, =R, =00, R, = 2 KR, R=1GQ, A . =
2 x 10°, and GBWP = 1 MHz. ~All Voltages In uV unless specifieg
otherwise.
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Figure 45 (continued)
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Figure 45 (continued)
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Figure 45 (continued)
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Figure 46. Experimental 1 KHz waveforms of a Darlington 2N5087
transistor rectifier with Ry and R, = 0Q, R 3 = 2 K@, C3 = 0.15 ¢F, no R,
and an AD506LH opamp. (a) '6— -V, w1th vy inp = 0.1 V; (b) Vg - Vggp with
Vinp = 0.1 V; (e) Vg - Vg with Vinp = 10 mV3 (4) Vg - Vg with V1np
= 10 mV; (e) VIF1RF with Vinp = 10 mV; (f) VIFlRF with Vypn = 0.1V
Horizontal scale: 0.2 me/div. Vertical escale: 0.5 V/div [curves (a),
(b), (e), and (d)]; 0.05 V/div [curve (£f)]; 0.005 V/div [curve (e)].
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(a) Equipment used to make oscilloscope photographs. A Tektronix
535A oscilloscope with a 54/53C plug-in, dual-channel amplifier
was employed for oscilloscope photographs. The X1 and X10
probes present loads of 1 M - 50 pF and 10 MQ - 7 pF
respectively. The FET common drain buffer was utilized to
measure VBEl without loading the circuit and is not part of
the rectifier clrcult. Rj3, R4, and Rg are wirewound resislors
(Daven type 1350), while R is metal film. Ry, = 2 KQ was
employed except where Vinp = 10 mV, Ry = 20 K was employed to
overcome the limitation of the oscilloscope's low sensitivity.
Although the circuit was constructed on a double sided PC
board, waveforms are unchanged when the circuilt is breadboarded
on a Continental Specialties Proto Board(:).

Figure 47. Test apparatus used to measure the performance of a
Darlington transistor rectifier.
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(b) Equipment employed to measure rectifier accuracy. The reference
rectifier is a Darlington 2N5089 transistor rectifier with an
AD528JH opamp, while the test rectifier is a Darlington 2N5087
transistor rectifier with an AD506LH opamp. No R is used with.
the reference rectifier. A Kiethley digital voltmeter (model
180) was used to measure the error voltage, while a Hewlett-
Packard digital multimeter (model 3490A) monitored the input
voltage. In order to reduce errors due to noise, twenty
consecutive readings were taken with the Kiethley DVM set for
longest integration period (V5 sec). These twenty data points
were then averaged using the HP45 calculator's averaging
program.

Figure 47 (continued)
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~-4000. *X1=VIFIRF 1.2000E 04

0,0 te1aVOIDEL 10000,

~120.0 t+*=]ERORT 40,00
TIME T1ERORT VOIDEL VIFLIRF
. 1.3896 . - 2 1 1 1 0.0 44,233
1+00000€-05 =-5.5594 1 X 1 « 1 1 253.14 76.189
2.00000£-05 -23.91% 1 . X 1 . H 1 880.35 119.10
3.00000€=-05 ~41.930 1 A I 41 1 1 1504.1 169.39
4,00000€-05 -60,058 1 s 1Ix . 1 1 I 2121.9 210.16
5.00000E-05 -77.917 1 Ixe 1 1 1 2731.3 251.11
6.00000E-05 =-95.201 1 » Ix - 1 1 1 3329.9 299.60
T.00000€-05 =562,926 1 I X e 1 1 1 3915.4 1912.4
8.,00000E-0S 4.1975 1 1 . I x I . I 4485,5 4619.1
9.00000E-05 5.8026 1 1 . X | S 1 5n37.8 5222.5
1.00000E~04 5.5802 1 1 Iecetoc=X 1 —~-==1 $570.3 5747.9
1.10000€E-04 S.4540 1 1 1 . x | S 1 £080.8 6254, 4
1.20000E~04 4.9728 i I 1 X I 1 6567.2 6725.5
1.30000E-04 44,7137 1 1 1 xe 1 T 7027.8 T177.9
1.40000E~04 4.,4511 1 1 I X = T T7460.6 1602.3
1.50000E-04 J3.9443 1 1 1 x t 7864,0 7969.6
1.60000E-04 J.46T8 1 I 1 1 1 8236.4 B81346,7
1.70000E-04 2.9624 1 1 1 1 1 8576.2 A670.5
1.80000E-04 2.5129 T 1 ! 1 8882.2 8962.2
1.90000E-04 2.1320 1 - 1 1 -==1 9153.1 9221.0
2.00000E-04 1.5656 1 1 1 - I 9388,0 9437,8
2.10000F-04 0.97770 1 1 I 1 9585.7 9616.9
2.20000£~04 0.51615 I I I .1 9745.7 9762.1
2.30000€~04 -0.23059 1 1 1 .1 9867.2 9859.8
2.40000E-04 ~0,59469 1 1 1 - 9949,7 9930.8
2.50000E-04 ~-1,1278 1 I 1 . x . 9993.0 9957.1
2.60000E-04 ~-1,7966 1 1 1 *1 X . 9996.8 9939.6
2.70000E-08 -2,2481 1 i 1 -1 X . 9961.2 9889.6
2.R0000E~-04 -2,7511 1 T 1 *1 . 9886.2 9798.7
2.90000E-04 -3.2087 1 1 1 L X 1 9772.3 9670,2
3.00000E-04 =3,6430 1 1 I LN x 1 9619.8 9503,.8
3.10000E-04 -4,2128 T 1 1 o1 x . 1 9429,3 9295.2
3.20000E-04 ~4,7125 1 1 I 1 X - I 9201.6 9051.6
3.30000E=04 =5,1777 1 1 13 o1 X * T 8937.6 arra.s
3.40000E-04 <«5.5708 T 1 1 a1 ¥ . 1 8638.3 8461.0
3.50000E~04 <«5,9152 1 1 1  IX . 1 8304,9 8116.7
3.60000E-04 =-6,2339 1 1 1 + X1 . 1 7938.8 TT40.4
3.7N000E~-04 <~6,.5831 1 I 1 X 1 1 7541.3 7331.8
3.RN000E-04 ~-6.7765 fromccem~ 1 1 R=0==] 1 Tils.1 6898,4
3.90000E~04 ~7,.068) T I 1 xe .« 1 1 6658.8 6433,8
4,00000E-04 ~-7,305A 1 I 1 X e 1 1 6177.2 S5944.6
4.10000€-04 =7,.4801 1 I 1 . X « 1 1 5671.2 S5433.1
4,20000E~04 =7,4543 i 1 Is x « 1 1 5142.8 4905.6
4,30000€-04 ~7.2908 1] 1 e IX « 1 1 4594,.2 4362.1
4,40000E-04 -7,1107 T 1 - x1 + 1 1 4027.4 380l.1
4,50000E-04 ~6.978S T I - X i e 1 1 3644,7 3222.6
4,60000€-04 -6,5561 1 1 e x 1 « 1 1 2848.5 2639.8
4.700006-04 -5,5128 1 .1 X 1 + 1 1 2240,.9 2065.5
4.80000E~04 -4.3696 t * I Aewmocecacae-] o1 1 1624.06 1485.5
4.90000E-04 =-2,037S 1 . 1 x I *I 1 1001.8 936,96
S.00000E-04 2.2949 1 e 1 X 1 Ie 1 315,09 448,14
S.10000E~-04 3. 1640 . X 1 1 T 0.0 100.58
S.20000E-04 -2.0174 . X1 1 .1 T 0.0 -64.221
$.30000E-04 ~3.8169 . xI 1 1 I 9.0 =121.50
J.8UUUOESUS  =5,3BBA . X1 H o1 1 0.0 174,70
$.50000E=-04 =6.7763 . X1 1 « 1 I 0.0 +215.70
S5.60000E-04 -8,0240 . X1 1 . 1 I 0.0 «255.41
S.7N000E-04 =3.2970 . XE 1 .1 1 0.0 -104.95
5.80000€E-04 0.50105 . - X I 1 0.0 15,949
S.9N0NOF =04 €.AQ00) ” 1 1 . 1 0840 19:%1)
6,00000E=-04 0,42998 s X 1 + 1 0,0 12.49¢
6.10000E~04 1.0832 . x 1 Te T 0. 4,481
6.20000E~-08 0.69274 . X 1 Te 1 0.0 22.051
6.30000E-04 0.2R26R . X ! . 1 0.0 8.9979
t.A0000C.-04 0,001%7 ¥ X 1 |84 1 v.u £%.517
6.50000E-04 1.0459 . X 4 Ie T 0.0 33.294¢
6.60000€-04 0.14563 . X 1 . 1 0.0 4,6354
6.7T0000E-04 0.46988 . A 1 . 1 0.0 14.957
6.80000E-04 1.2213 . x 1 Ie 1 0.0 38.876
6,90000E-04 1.0287 . A 1 Te 1 0.0 32.743
7,00000£-04 1.2168 . L3 1 Ie I 0.0 38,732
T7.100006-04 0,19263 . X 1 . 1 Q.0 6.1319
1.20000E-04 0.32049 L X 1 . 1 0.0 10.202
7.30000€=04 0.29138 . L3 1 . 1 0.0 8.0016
T.40000E~-04 0,36831) - LS 1 . 1 0.0 11.724
7.500006~-04 0.55834 . X 1 . I 0.0 17.772
T+50000E~-04 0,29421 . X 1 . 1 0.0 9.3649
7.70000E-04 0.52509 . X 1 1 0.0 16.71a
7.80000E-04 0.64390 . X 1 1« T Q.9 20,496
F.YUUOUL=UA V.&4UD3V . x 1 . 1 0.0 12,745
8.,00000E~-04 0.79144 . X 1 Ie 1 0.0 25.192
8.100006<08 0.8%3a1 . x 1 1e 1t o.0 20,799
8.,20000E~06 0.89044 . X 1. 1e I 0.0 28,344
A.A0000F-04 0.R1544 | o 1 1 I I 0.0 25.756
B.40000E-04 0.76654 . X 1 184 1 0.0 24,400
8.50000€E-04 0.91302 - R 1 Ie 1 0.0 29,062
0e00000C-04 0439904 | a I e 1oo.n 1u ney
8.70000E-04 1.2272 . X 1 Ie 1 0,0 39,064
8.80000E~-04 1.094R . 3 1 Ie 1 0.0 34,850
8.90000E-04 1.9703 . X 1 Ie I 0.0 62,718
9.00000E<~08 0.68149 . X 1 Te T 0.0 21.693
9.10000E~04 0,52010 . X R 1 . I 0.0 16,555
9.20000F-04 0.885A4 . X 1 Te T 0.0 2n.197
9.30000E~04 0.60624 . X 1 Ie 1 0.0 19,234
9.40000E=04 0.44999 . X 1 3 I 0.0 14,324
9.50000E~04'=1.07973E-02 * X 1 . T 0.0 ~0.34369
9.60000£-04 0.53060 . X 1 . T 0.0 16.889
9.70000E~-04 0.26961 Sammmanea X 1 1 0.0 8.5820
9.80000E-04 0.95784 - X 1 1e 1 0.0 30.489
9.90000E-04 1.5759 . X 1 Ie 1 0.0 50.163
1.00000E~03 241100 - ks 1 1o 1 0.0 67.164

(a) VIF1RF, VOIDEL, and IERORT with Vinp = 10 mV.

Figure 48. Computed 1 KHz waveforms of a Darlington 2N5087
transistor rectifier with R; = Ry = 0Q, Ry = 2 KQ, R = 14.7 KQ,
Aol = 2 X 105, and GBWP = 1 MHz. All voltages in 1V unless specified
otherwise.
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2.00000E-05
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5.00000E-05
6.,00000E-05
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Figure 48 (continued)
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Figure- 48 (continued)
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(d) vo, VF, VBEl with Vinp = 0.1V,

Figure 48 (continued)
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oV (e)
oV (£)

Figure 49. Experimental 1 KHz waveforms of a Darlington 2N5087

transistor rectifier with R = 00, Ry = 2 KQ, C = 0.15 yF, R = 14.7
K}, and an AD506LH opamp. %a) VZ =N with Vinp = 0.1 V5 (b) Vf - VBl

with Vi,
Vipp = 10 mV; (e) Vypigp With Vinp = 10 wv; (£) VIFlRF with Vipp = 0.1 V.
Horgzontal scale: 0.2 ms/div. Vertical scale: 0.5 V/div [curves (a),

(b), and (c)]; 0.05 V/div [curves (d) and (f)]; 0.005 V/div [curve (e)].
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that'except for VO whére R=1GR and 10 mV input, the agreement between
experimental and calculated waveforms is very good. The discrepancy is
expected for two reasons. . First, CBE of real tramsistors is dependént
on emitter current, while a constant CBE was used in the simulations.

Secondly, typical values were used for H_,h and capacitances, instead of

FE
measuring them for the actual transistors used. Probably a more
appropriate value of Cob would be 2 or 3 pF instead of the worst case
value of 7 pF. The values of Cob and CBE determine where the errors
change polarities.

As a further investigation of the accuracy of the simulation, the
nonlinearity of the average output was both measured and computed.
Figure 47(b) shows the measurement scheme. Because an AC voltmeter
having sufficient accuracy (0.00SZ or better at 1 volt peak) was not
available, another Darlington rectifier was employed as a voltmeter. An
assumption was made that increasing the opamp gain increases the accuracy
of the rectifier.” Hence the output of a rectifier having an AD506LH
opamp and a 2N5087 Darlington transistor was compared with that of a
rectifier having an AD528JH opamp and a Darlington 2N5089 tramsistor.
An absolute calibration was not made because of the 0.5% tolerance of
the resistors (Daven wirewound resistors, series 1350). ‘Instead the DC
difference in the outputs of the two rectifiers was recorded versus
input voltage at 1 KHz (THD < 0.15%). Then the nonlinear error (E, )
was arbitrarily assumed zero for peak input voltages of 10 mV and 1 V
for both experimental and calculated errors causing Enl as shown in
Figure 44 on pages 204 and 205 to have a linear componént. The error voltage

referred to the input is given by
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DELVIF = EL + ENL ’

where (210)
EL =M Vinp + B .
Given two pairs of values of E.. and V, ~ (1=1,2), M and B are found to
Li inpi 4
be
B = ELl Yiani- ELZ VIﬁEl '
Vinpz - Vinpl
and - (211)
ELi - B
M= v .
inpi

Using Equations (210) and (211) with V and Vian of 10 mV and 1 V,

inpl

respectively, E,. was obtained for R = 1 GR (Figure 44(e) on page 204)

NL
and R = 14,7 KQ (Figure 44(f) on page 205). Note that for inputs between
10 mV and 1 V, the computed and measured ENL agrac eurg;islugly well tor
R = 1 G, but poorly for R = 14.7 KQ,

The poor agreement for R = 14.7 KQ can be explained in the following
manner. From Figures 48 and 49, VBEl shows that at low currents almost
all of the output current goes through R and QlP, while at high current
most of the output current is supplied by Ql. This indicates that R may
reduce the increase iu HFE
Indeéd, this is verified by Figure 50 which shows the 10 mVp, 1 KHz

obtainable by the Darlington configuration.

average error versus GBWP. This graph depicts an approach to a minimum
error for R = 14,7 K as GBWP approaches 10 MHz, while the error for
R = 1 G shows no sign of approaching a minimum error. A further indi-

cation of the higher HFE dependence of rectifier error with R = 14.7 K@
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Figure 50. Computed 1 KHz accuracg of a Darlington 2N5087 transistor
» By

rectifier versus GBWP with Aol =2 x 10 = R, = 0R, and Ry = 2 KQ.
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is the increase in measured ENL of more than 100 uV for Vinp between
0.1V and 0.3 V when R is reduced to 14.7 K on the reference
rectifier.

The change in rectifier error voltage when R is increased from
14.7 KQ to 1 G is shown in Figure 44(g) on page 206. The agreement
between the computed change and the'measufed chaﬁges with both 2N5087
and 2N5089 transistors ig fairly good for input voltages above 10 mVP.
Discrepancies at low input voltages is, of course, due te actual

capacitance and H__ values not matching those employed in the simu-

FE
lation. An additional cause for deviation of measured and computed
results at low voltége levels is the change in exponential slope of the
base-emitter current-voltage characteristic (see Figure 20 on page 86) .
The change in rectifier error with frequency due to transistor
capacitances 1s illustrated in Figure 51. This figure depicts the
inferior high frequency accuracy when R = 14.7 KQ. Although one might
think the faster turn nff timee when R is lucluded would lead to lower
errors, this slower turn off results in an increase in the average output
current which reduces the magnitude of the negative error. In fact, both
computed waveforms at 10 KHz and measured waveforms (Figures 52, 53, 54,
and 55) show littie or no advantage in wavcform accuracy fof R = 14.7 KQ.
Note that the agreement between measured and computed waveforms is very
goud. Alsé cowmparing these waveforms Vith those of the diode rectifier
(Figures 33, 36, and 37 on pages 160-165, 174, and 176) illustrates the

superiority of the transistor rectifier.
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Figure 51. Computed frequency dependence of Darlington 2N5087
transistor rectifier duc to transistor capacitances.
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(a) VIF1RF, VOIDFIL, and IERORT at 10 KHz.

Figure 52. Computed high frequency waveforms of a Darlington 2N5087
transistor rectifier with Rj = Ry = 02, Ry = 2 KQ, R = 1 G2, Vipp = 0.1
V, Ag1 =2 X% 105, and GBWP = 1 MHz. All voltages in UV unless specified
otherwise.
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(c) VIF1RF, VOIDEL, and IERORT at 100 KHz.

Figure .52 (continued)
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(d) VO, VF, and VBEL at 100 KHz.

Figure 52 (continued)
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Figure 53. Experimental 10 KHz waveforms of a Darlington 2N5087
transistor rectifier with R, = R, = 0Q2, Rq = 2 KQ, C3 = 0.15 yF, no R,
vy s 0.1V, aud an ADSOGLﬁ opamp. (a) V¢ - V,; (h) Vg - Vgpy;

(c‘sl v Ves (d) VI;‘}RF' Horizontal scale: 20yus/div. Vertical scale:
S

0.5 Vﬁd;v curve (a V/div [curve (b)]; 0.05 V/div [curves (c) and
@®].
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(a) VIF1RF, VOIDEL, and IERORT at 10 KHz.

Figure 54. Computed high frequency waveforms of a Darlington 2N5087
transistor rectifier with R; = Ry = 00, Ry = 2 K2, R = 14.7 KQ, Vinp
0.1V, Ay = 2 x 107, and GBWP = 1 MHz. All voltages in LV unless
specified otherwise.
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(b) VO, VF, and VBEl at 10 KHz.

Figure 54 (continued)
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Figure 54 (continued)
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(d) Vo, VF, and VBEl at 100 KHz.

Figure 54 (continued)
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Figure 55. Experimental lO KHz waveforms of a Darlington 2N5087
transistor rectifier with Ry = = 0, Rg = 2 K§, Cq = 0.15 VF,

= 14.7 KQ, Vipp = 0.1 V, and an AD506LH opamp. 9 Ve = Vo3 (B) Vf
VBEl’ (c) V - Vf, (d) VIFlRF~ Horizontal scale: 20 ps/div. Vertical
scale: 0.5 V/le [curve (a)]; 0.2 V/div [curve (b)]; 0.05 V/div
[curves (c) and (d)].
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III. PRACTICAL ACCURACY LIMITATIONS OF
PRECISION RECTIFIER CIRCUITS
In addition to the fundamental accuracy limitations discussed in
the preceding section, other accuracy limitations include electronic
component noise, DC offset, amplifier gain stability and linearity, and
passive component dhift. These limitations tend to be less severe with

transistor rectifiers.

Electronic Component Noise

Electronic component noise cannot be treated in the same manner as
narrow-band input noise (see page 73) because narrow-band approximations
are invalid for the broad-band noise of electrical components. To
analyze such noise, the equivalent noise sources are shown in Figure 56
for both diode and transistor rectifier ci;cuits. Unless stated other-
wise, all noise sources will be considered as white. Resistive noise

sources are Johnson noise and are given by Equation {19) on page 31.

ii, iﬁ, and ig are shot noises given by

2 _ —_
1c =2gq IC .
‘ (212)
) _ _—
Iy =2aqly,
and
. gi'_ .
iy=2qT7,

where q is the magnitude of the charge of an electron. Chenette's three
noise source model is used to simulate bipoiar trausister noise,7l
In the analysis of rectifier noise, the assumption that the opamp

open-loop gain is infinite and the common-base current gain (a) is
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(b) Transistor rectifier.

Figure 56, Circuits used for noise analysis of rectifiers,
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independent of IC will be made; i.e., rectification is essentially

perfect. Thomas22 has shown that for a perfect half-wave rectifier

2 [ReD | RO ROy B
R@ = T @ R (0))

R (1) ,1/2
R S ORE It | (213)

where Rx(r) and Ry(r) are the autocorrelation functions of the rectifier
input and output, respectively, and C is the rectifier gain. Note that
the above expression is valid only for a stationary gaussian input.
Since Rg(O) = ;E, Equation (213) gives the noise gain as 02/4. For-

tunately, the power gain of a half-wave rectifier for a sinusoidal input

is also C2/4. Therefore, the output noise of a diode rectifier is

: 2 2 2 2 2.2, 2
5 R12 3 €1 N R egg + (Rg + 29)7[Z, i +e + e24]
R | ,
4 2 R 27 2
1 173

(214)
if diode shot noise is neglected and the poise sources are uncorrelated.
To include the diode noise requires the solution of transcendental
equations. Note that the thermal noise of R, is not rectified, hence it

1
is not multiplied by 1/4 in Equation (214). The signal output is

R +7Z, 2 R, 2
2 3 2,1
v = = e
Rl ((Vinp) ( zZ, ) + (V ) (z )
R
+‘ R+ 2 r
+ 2y inp inpl( Z, > Z, l (213)
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where Yy is the correlation coefficient between VT and V., . The
inp inp

presence of signal and noise together will affect the results; neverthe-

2 2
less, the ratio of VRl to e,

be used to estimate the signal-to-noise ratio of the detector.

as given by Equatioms (214) and (215) can

The transistor rectifier noise and signal performance is

particularly interesting. The output noise current is

R —_ —
4 2, 2 2 .2
c, wad? |F 7 7 “(egg + Rg 1) + 4KT(R,||Ry)
2, ) [ Rt
AR A 41+ (T W)
2 2 2
e + e i —_—
.o ___R3 n 2 -2
t—3 7 + ibl) & 2, 12 (FE + )77 (216)

where T, = Ry Cs5 T = (Rﬁ,lRS) C,» and the base-spreading resistance

2
cl and ibl

(ré) of Q1 is assumed zero (i.e., ez = 0). Note that i
X
signal dependent; i.e., they are proportional to'I;. The signal output

is
— (0 Cow )2 R
2 1l 30 - 2 + 2 4 2 -1
1° = 1/4. (v, + Vv ety 4 (T 0 S
o Qa+ (T3wo)2) inp inp R4 + R5
. - 2 2
TV \' R a; " €Cqu)
inp 'inp 4

4 5 1+ (T. 3t ) )(l + (T'iuo

Inspection of Equation (216) shows that although the transistor rectifier

2]
is sensitive to power supply noise (e;S), the noise is easily suppressed
since the transfer function is a band-pass filter. For example if

C4 = 82 uF, R4 = 10 KQ, R5 =4 KQ, R3 = 2 KR, and C3 = 0.15 uF (as used
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in the Oak Ridge apparatus); then '1’4 = 0.23 sec and T3 = 0.3 msec. The
noise spectrum is attenuated by 60 dB rela;ive to V;n at midband of the
band-pass filter, and' the filter has corner frequencies of 0.69 and
690 Hz. |

To compare the noise performance of these two types of rectifiers,
assume that V;n = 0. - Then the signal-to-noise ratio of the diode

P
rectifier as obtained from Equations (214) and (215) is

2 - 12
v [Cw V, ] —
S . R1 » —3 0 inp (12 + 4KTR,)AE
N Af 2 n 1 n
n—— [1+(T w )]
2 30
[ e, af
0 nl
LKTR, + R% 1%
At (R.C.0)2 4KTR, +[(R,+R.)2(C.w)2+1]|e? + : ; .
Rl Rk 3 1773 3® n 1+(T,w)
0 : 5 5 df
R (1+(T4) )
(218)

where Af is the noise bandwidth of thé measurement system which is

assumed much less than the closed-loop bandwidth of the rectifier circuit,
23 is the series combination of R3 and C3, 24 is the parallellcombination
of R4 and Ca, and T4 = R4C4. The signal4to;noise ratio of the transistor

rectifier as obtained from Equations (216) and (217) is

. - 2 -
s . Io " Viqp C3wo) i2 + 8Q Vinpc3wo Af
N e D U Ve o2 "
i 12 af 3% 1+(Tqw )“ HFE
0 no
Re 22 .272
Af (C3w)2 — 4KT(R4| IRS) + (m;) (e  #RG 1)
+ ——||e, + 4KTR, + >3 df
0 1+(T3w) 1+ T4w

(219)
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or neglecting the noise contributed by Q1 and assuming R5 >> R4,
- 2 2 Af 2 2,2
A (Cw ) nf(C,w) —_ 4KTR,+R, 1
S.dme Jo / 1208 + [ | |{e? + kTR ——Plas
(1+(T3wo) ) 0 1+(T3w) 1+(T4w)

(220)
Comparing expressions (218) with (220) indicates that the transistor

rectifier has potentially higher S/N since it has nov thermal noise due

a
to R, and the noise due to eg and R, io reduced by a factor of

(R1C3w)2/(l + (R1+R3)2(C3w)2). Note that since the feedback controls

the emitter current of Ql, the noise currents iil and igl must go through

circulates largely within Ql, thereby

the emitter of Q1. Therefore, igl

. . .2
reducing the output noise current due to i

L by (MFEL + 1)™1. This
indicates that the inferior low-frequency noise of MOSFET devices will
largely be cancelled by negative feedback in the circuit shown in

Figure 21(f) on page 91.

The accuracy of a rectifier can influence the outpul noise of the
rectifier. Since practical rectifier cireéuits usually have a dead-band
(i.e., a range of input signals to which there is essentially on output
response) signals below a threshold level yield rectifier outputs
significantly less than the ideal level. 1If the dead-band 13 greater
than the input noise to the rectifier, the noise output will be reduced.
But 1f a signal greater tham the dead-band is also applied to the
rectifier input, rectifier accuracy will improve; hence, the output noise
will increase.

This noise threshold effect was observed by the author when

measuring the linearity of the rectifier bridge detector. For instance,
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with both Darlington rectifiers in Figure 47(b) on page 213 employing
AD528JH opamps and no R, the peak-to-peak variation in DVM readings

increased from 60 uV for V

P 0, to a constant 200 uV for V, between
np . inp

10 mV and 8 V. When using ADS506LH opamps, the peak-to-peak variation was
less than 14 pV for inputs below 15 mVp but increased to 400 uV with
peak inputs’between 20 mV and 70 mV and to 300 uV for peak input signals
from 140 mV to 750 mV. Since the noise threshold is lower for the
AD528JH opamp (ﬂélow 10 mV), which has approximately twenty times more
gain at the input frequency of 1 KHz, this verifies the hypothesis that

the lower the dead-bénd, the lower the noise threshold.

DC Offset

An important benefit of the transistor rectifier is in its lower DC
offset. Using the ;erminology of Figure 56 on page 236, the DC offset
of the opamp will be multiplied by (R1 + R3)/R1 unless C3 is included,
in which case the DC offset passes directly to the output. But in the
transistor rectifier, the DC offset gain is thé same as the signal gain
(1/R3) unless C3 is included, in which case the DC offset gain is zero.
Assume that the input bias currents are I; and I; at ﬁoninverting and
inverting inputs of the opamb, respectively. Then, for a diode
rectifier, the offset induced by input bias currents is

, + - Ry + Ry ,
Veioes = Ry Iy = RpllRg IB)C-—ig——-) (221)

or 1f C, is included,

3

R
VRioff ~ K4 Iy " Ry Iy -

Similarly, the offset induced by input bias currents for transistor

rectifier is
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R
4 _+ -
I = -1 +1
°%ff  R3 B B
or if 03 is included, (222)
Io = + IB .

Note that if I; and I; thermally track each other, the offset due to
input bias currents can be set to zero by appropriate choices of RA’
except for the case where C3 is included in a transistor rectifier. ‘A
good opamp for the transistor rectifier is the opamp with an FET input
stage since IB is very small (v pA). The higher offset voltage typical
of FET opamps is not important with transistor rectifiers with C3.

Another cause of DC offset is I of the transistor with

CBO
transistor rectifiers. This is minimized by choosing transistors with
low ICBU; Transictors with ICBO < 10 nA are available. Since the offset
current due to ICBO is ICBO itself, thec offset due to a Darlington

transistor is the sum of ICBO'S of the two transistors.

Passive Component Drift

Since the passive components largely determine the rectifier gain,
it is important to choose stable components such as bulk metal or wire-
wound (noninductive) resistors. Assuming infinite opamp gain, the output
of a divde rectifier is |

R, + 2, R

1 3

y - v, =

inp Z3

while the output of a transistor rectifier is (223)
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+
I0 = _(Vinp - Vinp)a1/z3

regardless of Rl or RZ' Since the positive and negative gains are
identical in magnitude for the transistor rectifier, forming a fullwave
rectifier is simplified. While a diode fullwave rectifier normally
requires the matching of at least three resistors, a transistor fullwave
rectifier requires matching of only two resistors to insure symmetry.

In fact, if a current mirror is employed With the transistor rectifier,

no resistor matching 1s necessary for a fullwave rectifier. Anothgr
advantage of the transistor rectifier is that a balanced linecanbe connected
directly to the inputs without the need for an instrumentation amplifier

or transformer. Additionally, the common mode rejection is independent

of passive components. Furthermore, the + input ié high impedancé.. The
current output facilitates summation of rectifier outputs since the out-
puts can be directly connected to the current summing input of an opamp
with shunt feedback without the need for additional summing resistors.

Clearly, the gain flexibility of the transistor rectifier is one of its

strongest advantages.

Gain Stability and Linearity

While the sensitivity of both types of rectifiers to gain stability
and linearity is similar, the opamp gain stability and linearity can be

improved using a transistor rectifier. The sensitivity of rectifier
Z

gain to opamp gain is (1 + A (§—€%3r0)-1
1 3

the transistor rectifier can have a lower sensitivity with internally

. Since Rl can be made zero,

compensated opamps. The opamp gain drift is less with a4 transilstor

rectifier because the opamp drives the high impedance load of a
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transistor instead of R1 and Rz.: The low cur;gnt output together with
the low voltage swing makes the power dissipation of the opamp minimal.
This low power dissipation results in a more uniform température of the’
opamp ﬁifh low signai dependence of open-loop gain due to thermal feed-
back. This iowefing of thermal feedback substantialiy reduces low-
fréﬁuéhcy distortion of the Open—lbop gain., Thermal feedback can cause
distortion due to the température dependence of the opamp gain.68’69

‘ Typically, tlhiermal feedback distortion becomes significaut for fre-
quenciés below 100 Hz.

" The low current drain of the transistor rectifier can also improve
amplifier accuracy: at all frequencies by reducing or eliminating
crossover distortion. Most modern opamps have class AB output stages.

If the load current is less than the bias current of the output stage,
the output stage will'operate in class A mode.

‘Lvad current is minimized by choosing high HFE transistors or
MOSFET's with low capacitandes. The capacitunce cutrent is important
during the switching time.

As mentioned earlier, settling time and slew rate limit of the
opamp is important to high frequency performance. Figures 57 and 58
- illustrate the effects of reducing settling time ffom 2 ﬁsec to 8094nacc
on the 100 KHz wavgforms of a Darlingtqn transistor rectifier.. Note that
reducing the seétling time improves the ougput wavelorms only élightly
for both R = 14.7 KQ and no R as opposed to the.substantial gffect on a
diode recéifier (see Figure 31 on page 149). Note that settling time
is also a measure of the overshoot behavior of an opamp, whether there

is slewing or not. For both types of rectifiers, the question of whether

or not an opamp will slew is complicated by the device capacitances.
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Figure 57. Effects of opamp settling time on 0.1 V, 100 KHz
waveforms of a 2N5087 Darlington transistor rectifigz_yigh Rq = 2 KQ,
C3 = 0.15 yF, no R, and an AD528JH opamp. (a) V, - V¢ with settling
time compensation; (b) VIFlRF with settling time compensation;

(c) Vo - Vg without settling time compensation; (d) Vipirr without
settling time compensation. Typical settling time to 0.1%Z: 800 ns
[curves (a) and (b)]; 2 us [curves (c) and (d)]. Horizontal scale:

2 us/div. Vertical scale: 0.5 V/div [curvee (a) aud (c¢)]; 0.05 V/div
[curves (b) and (d)].
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(b)

(d)

Figure 58. Effects of opamp settling time on 0,1 V_ 100 KHz
wavefurms of a 2N5087 Darlington transistor rectifier wigh Rq = 2 RQ,
C3 = 0.15 pF, R = 14.7 KQ, and an AD528JH opamp. (a) V, - V%'with
settling time compensation; (b) VIFlRF with settling time compensation;
(c) V, = Vg without settling time compensation; (d) Vypjrg without
settling time compensation. Typical settling time to 0.1%Z: 800 ns
[curves (a) and (b)]; 2 us [curves (c) and (d)]. Horizontal scale
factor: 2 ps/div. Vertical scale: 0.5 V/div [curves (a) and (c)];
0.05 V/div [curves (b) and (d)].
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Whereas the calculations on page 139 can predict whether an opamp will
slew if the capacitances are neglected, the capacitances can actually
prevent slewing.

Slewing conditions with device capacitance can be determined for a
single pole opamp in the following manner. Assume that both diodes or
transistors are off. Then the Fourier transform of the output of the

opamp (V, (jw)) is

. v, () A(Jw) B(iw)
V (o) = —m :
o 1+ A(Gw) B(jw)) T3 Jw ?

(224)

where A(jw) is the transfer function of the opamp, B(jw) is

T3 Jw/(1 + T3 Jw), Vin(jw) is the Fourier transform of the input signal,
and T3 is R3 CBE' TE Vin(t) is V
Vo(t) as follows:

inb sinmot, then Equation (224) gives

& el —A01 Vinp sin(wot < 90)
$ V@ +T. T 022 +42 (T (T ok .52
Jrwolo (6] 3 ol ol
where (225)
i W CE LB e T )
60=—tanl(o 3 012 Ol) :
1+ T3 Tolwo

Therefore Vo(t) is given by

-w A,V cos(w t + 6 )
ﬁ (t) = o ol inp o o : (226)
3 VO +T, T 0)Z+0 (T, L+A.)+T,)2
3 =0l e 0 3 ol ol

00 where Vo = Vf is easily found by noting that

Vf B e (227)
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Substituting V_ = Vo and Equations (225) and (226) into Equation (227)

£
yields
T b
_ =1 .for ol
w t + Go = —tan q;——f;—I) (228)
ol
2 12
Using the identity cos ¢ = (1 + tan” ¢) , Equation (228) can be
utilized with Equation (226) to compute éo(t) as
Vo(t) V =v i _Vinp Aolmo(Aol +1) /
Ak (229)
V. +D%402r 2Va+r,r o %40 2(T,0+A ) +T )2
ol o "ol 370l © o 3 ol ol &

Equation (229) shows that there is a frequency at which |6o(t)l is
maximum. If Wy << 27 GBWP and A01 >> 1, then expression (229) may be

approximated by

-V A w
i
% inp "ol "o : (230)

v, (t)

vV =V I g
& £ Vl - w0(13 (1 + Aol) - 101)

or the minimum SR of the opamp if slewing is to be prevented is

SR = V /(T3 1+ Aol) 5 Tol) . (231)

inp Aol

Comparing the above equations to Equation (187) on page 143 shows that

the device capacitance increases the slew-free input voltage by

I+ o (T L ¥R )+ Tol)i INT+ @I p2 -



CHAPTER V
THE TEMPERATURE CONTROL SYSTEM
I. HOW THE CONTROL SYSTEM FUNCTIONS

The temperature control system designed for the Oak Ridge irradiation
creep experiment is a partially linearized, three-mode control system
employing a modified AC Kelvin bridge to measure sample resistance (see
Figure 12 on page 56) and a phase-insensitive averaging detector. A
block diagram of the system is drawn in Figure 59. In this system, the
1 KHz heating current (THD < 0.6%) functions as the measurement current
to maximize the S/N. The two bridge signals (VR and VS) pass through
two instrumentation amplifiers (each formed with two sections of a
Raytheon RC4136 quad opamp) having common-mode rejection ratios greater
than 105 dB at 1 KHz (typically 110 dB) to prevent ground loop noise.
The remaining noise is filtered by mains rejection notch filters (60 Hz)
and second-order 1 KHz band-pass filters with Q=3.54. The filtered
signals are passed through precision half-wave rectifiers (Darlington
2N5087 and 2N5089 transistors with AD528JH opamps). Since the two
rectifiers are complementary (one has a positive DC output while the
other a negative DC output), the current outputs are summed by an opamp
with shunt feedback. This opamp also functions as a single pole low-
pass filter. An active second-order low-pass filter further reduces the
ripple of the error signal.

Figure 60 pictures the temperature control system. On the front

panel are located the following controls:

249
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Block diagram of temperature control system.
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Current monitor DPM,

VRX monitor DPM,

VRX analog meter with scale factor switch,

Meter speed switch to average readings of both VRX meters for
measuring noisy signals,

Linear control parameters adjustment potentiometers,

Master oscillator output control to limit heating current in
control and CP adjust mode,

CP oscillator nutput control to set current in CP adjust mode,
Monitor oscillator output control to set monitor current,
Mode selector switch,

Control bridge potentiometers,

Monitor bridge potentiometers,

Correction potentiometers,

Bridge mode switch,

Screwdriver adjustments for AC aud DC uvflfsets for monitor and
control bridge detectors,

Screwdriver adjustment for controller offset,

VCA bias screwdriver adjustment,

Control adjustment switch to connect external input to
simulate beam power perturbations,

Output jacks for monitoring VRX, VERROR, VCURR, VC, and

oscillator.

The mode selector and bridge mode switches are of particular

interest.

When the mode selector switch is in monitor mode, the monitor

bridge is connected to the bridge detectors and a manually adjustable
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current less than 1 A (adjusted via the monitor oscillator
potentiometer) is delivered to the sample. Also the gain of the instru-
mentation amplifiers is increased and the gain of the summing amplifier
is decreased by the same factor to maintain a constant scale factor on
VRX (within 1%), while simultaneously increasing the signal level at the
rectifiers to improve linearity. When in the CP ADJ mode, the current
may be adjusted by both the master and CP oscillator controls. Also the
control bridge is connected to the bridge detectors., The bridge mode
switch is employed to balance the two arms of the Kelvin bridge via MP2
and CP2., The CAL position shorts the bridge error signal to zero so
that the rectifier gains and offsets may be adjuéted. Note that for the
temperature controller to control the specimen temperature, both .con- -
troller mode and bridge mode switches must be in RUN and NORMAL positions
respectively. 1If the bridge mode switch is not in NORMAL mode then VC
.is held close to zero to prevent uncontrolled heating cqrrents.' Likewise,
VC is held close to zero unless controller is in run mode to improve turn
on behavior.

"RXSET may be read directly from the bridge potentiometers as the
sum of the control potentiometers excluding. CP2 (CP) plus the correction’
patentiometeré excluding COR-P2 (CORRP). CP + CORRP can be used to

obtain RX within 0.02% via the following expression:
RX = RS (CP + CORRP)/100.00 . ‘ (232)

Similarly, the monitor value of RX is obtained via the following

expressioni

RX = RS (MP + CORRP)/100.00 . (233)
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Initially, V was employed as the controlled signal; however,

error

Verror is proportional to the product of heating current and the

deviation of sample resistance from set point (ARx). The system is highly
nonlinear, i.e., the loop gain is proportional to the heating current,
thereby causing the system to have very poor transient characteristics.

To linearize the system, V must be divided by a signal proportional

error

to the average magnitude of the heating current. This is accomplished by
measuring the voltage drop across the standard resistor (Rq) with an
instrumentation amplifier whose output is rectified and filtered

identically to Verror (chrr)‘ A precision two-quadrant divider (AD436B)

is employed to take the quotient of V /v

-« This quotient is
error’ curr

filtered further to reduce noise and ripple (_VR ) and is propertional tb
‘ X

AR_.
P4

The error signal, V, , is fed to a three-mode controller. This

Ry

controller has integration (or reset action), proportional gain, and rate

action. That is, the output of the controller is (ideally) given hy the
t d v

sum of f VR dT, VR s and —_ng’ eacli Lerm multiplied by adjustable
0 x x

constants. The frequency response of such a controller is depicted in

Figure 61. The integration insures that the average value of V, 1is zero.

. P4
~The proportional gain is adjusted so that the zero (Tc) is approximately

equal to the dominant thermal pole of the specimen (Tt)' The rate action
can be used to cancel other poles in thc system or cuipensate for delays.
However, it was found experimentally, that rate action in this system is
unnecessary.

The output of the linear controller is passed through a square-root

circuit to linearize the system. This linearized control voltage (Vcl)
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is employed to control the heating current by a voltage controlled
amplifier (VCA). The output of a Wien-bridge oscillator is passed
through the VCA to a 100 W transconductance power amplifier which supplies
the heating current to the bridge. In order to maintain loop gain at all
times, the VCA has a gain proportional to (1 + K1Vc10, where K is
approximately (.053)-1. Therefore one obtains a minimum heating current
greater than zero allowing measurement of Rx‘

In operation of the system, VERRUR and VRX are less than zero when
the sample is too hot. This causes VC to decrease thereby reducing the
heating current. This causes the sample temperature to decrease. If the
sample is too cool, VRX becomes positive cauéing Vc and the heating
current to increase. Thus, the specimen becomes hotter. When there are
no beam perturbations and the controller is properly adjusted, the sample '
temperature will be well within 0.05 °C of set point. With beam per-
turbations, the sample temperature will alternately be slightly too cold
or hot such that the average sample temperature is within 0.05 °C of set

point.
IT. APPROXIMATE ANALYSIS OF SYSTEM PERFORMANCE

The loop gain of the linearized system may be approximated as

follows. The temperature of the specimen is

TEMP = TMPSET + ERRTMP , (234)

where
ERRTMP = Ht * APOWER,
TMPSET is the desired specimen temperature, Ht is the small signal thermal

impulse response of the specimen, and APOWER is the deviation in total -
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heating power from that required to maintain TEMP = TMPSET. The total

heating power is
POWER = OHMICP + BEAMP , (235)

where BEAMP is the effective heating power of the beam and OHMICP is the
ohmic heating power (R.x CURENT2 where CURENT is the RMS value of the

heating current). VERROR is given by the following expression:

VERROR

( (CURENT DELRX) * G ‘*Gbpf)/((l + AR CP) AZ)’ (236)

1pfl

where DELRX

]

RX - RXSET, RXSET is RX at TEMP = TMPSET, AR CP = RXSET/RS,
A2.is a constant, and Glpf and Gbpf are the impulse responses of the low-

pass and band-pass filters, respectively. The heating current monitor

voltage is

*
VCURR = RS CURENT Glpfl

AIER ’

(237)

where AIER is a constant. The filtered output of the divider is given
by

VERROR )

VRX = ( * G

VCURR K 1pfl °

% *
(CURENT DELRX) * Gy o1 * G o AIER) . e (238)
K RS A, (1 + AR CP) CURENT * G .

= (
1pfl 1pf2

OHMICP is approximately given by

RXSET CURENT2

18

OHMICP

RXSET VC (10.9/5.3)2/8S , (239)
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where VC = Alc * VRX and Alc is the impulse response of the linear

controller.
Equation (239) is difficult to interpret. If both CURENT and DELRX
are functions of time, then the Laplace transform of VRX does not have a

linear relation to RX and CURENT. For a fixed CURENT, VRX simplifies to

* * *
VRY = DELRX G1Ef1 Gbpf Glpf2 AIER (240)
K RS A2(1 + AR CP) ? -
where Glpf. = 1. On the other hand, if DELRX is fixed, then VRX can
S=0

be simplified to

DELRX AIER

VRX = YRS A(L + AR CP) ° (241)

if &bpf = 1 (note that the Laplace transform of a function (X) will be
indicated by i) and all filters have unity gain for S = 1. Note that for
both of the above expressions, VRX is independent of CURENT.

The errors associated with neglecting the frequency response of the
band-pass filter are small if the low-pass filters dominate. Treating
the bridge signals as amplitude modulated 1 KHz sinewaves, the Fourietr

transform of the AM signal when passed through a second-order 1 KHz band-

pass filter is

Sray o a 1 0 . 2 .
T(g0) = 1(8(uuy) + 6wt )) + 5 fiCu-ju) G cC(ju)
+ l ﬂ(jw.*.w ) G (Gw) 4 (242)
2 3% Gbpf J ’
where V(t) = (1 + M(t)) cos w, t and w, = 1 KHz. Upon demodulation the

envelope of V(t) is recovered as
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B0 [§ p Gutdug) + & Gumgu )]

Viee(w) = 3 : (243)
Since

& e (0 = I/ 0a+gl® - ¢y,

o (o] 0
G-t 1 . .
G, .(j(utw )) = R . (244)
ot ° [% (r1) +d0 (L 2)]Q
(o] o] [o]

Therefore, for |w| <, Gdet(m) is

3 2
w l o 2w 1
_j(;;) - 6.(;_) +'Ei_ + 1

~ 9 Q
. M(jw) o o

Vier(3W) =
det - Q 4 . 3 2

&y -2yt oLy 4w L

w Q 'w 2 w 2 2

o (o] Q o Q mo Q
(245)

The effgctive transfer function of the band-pass filter is that of a
low-pass filter. This is plotted in Figure 62 for Q = 3.54. Note that
the 3 dB point occurs at 140 Hz and that the slope between 300 Hz and
10 KHz is approximately 5 dB/octave. Therefo?e, the effect of the

band-pass filter is negligible if G is a single pole filter followed

1pfl
by a second-order Butterworth filter and Glpfz ;s a second-order
Butterworth filter, all having corner frequencies of 40 Hz since the loop
transmission will have to be down over -70 dB at 140 Hz if the system is
to be stable. Even if the low-pass filters' corner frequencies were
increased to 80 Hz, the loop transmission would be down at least ;30 dB

at 140 Hz; i.e., the loop transmission would have to be less than 1 at

40 Hz due to phase shift.
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Using Equations (239) through (240) the loop transmission can now be
approximated. Assuming a test ERRTMPt, this will cause a DELRX of

RXSET Cop ERRTMPt. Employing Equations (239) and (240), the change in

ohmic heating power is

2 A
RXSET "AIER (10.9) a., ERRTMP G :
OHMICP = T t. 1 f1- lpf2 1lc . (246)

K RSZA2(1 + RXSET)(5 3)2

The resultant ERRTMP due to ERRTMPt-can be found from Equation (234).

Therefore, the small signal loop transmission is

Id

~ ~ ~

A 2
% _ ereryp _ (10-9)" RXSET AIER oy G G1pe2C 12121 ()
system N )
ERRTMP KBS A2 (gaoem + 1)(5.3)7

Setting ERRTMP = EBRTMTt in Equation (234), ERRTMP due to ABEAMP is shown

to be

ERRTMP = Ht ABEAMP/(1 - Tsystem) . ‘ ' (248)
If the G1 flla:dTG§ g9 are neglected, and if Ht = Hto/(; + Tt S?.and

c
Alc GAIN ( 3 ), then ERRIMP is

. . ABEAMP H__ S : o . |
ERRTMP = > - - . T (249)
T, S 1 . ’
GAINP [GKINP + (GAINP + Tc) S + 1]

where

(10.9) 2RXSET AIER o GAIN H,
GATNP = - 0

S+ 1)(5.3)2

K
A, (RXSET
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If Tt = Tc’ then

ABEAMP H_ S
L to

ERRTMP = < ) (250)

GAINP + 1

GAINP (1 + Tt S) (

Therefore, for a unit step change in beam power,

H  (exp(=t/T ) - mriu(-f GATNP)) ‘TI(t)
ERRIMP = GAINP T, - 1 (25?)

where Tt = Tc. Without temperature control, ERRTMP would be

ERRTMP = ‘Hto (1 - exp(—t/Tt)) - | (252)

An example of the improvement in temperature stability can be

appreciated by the following computation. Typically, T, = 0.4, Ht = 52,

t
and GAINP = 56 at TMPSET = 150 °C. For a 3.6 W step increase in beam
power at t = 0 such as would occur. when the beam is turned on, ERRTMP
increases from zero to a maximum of about 7 °C at t = 0.06 sec, then
decays toward zero with a time constant of 6.4 sec. Without control,
ERRTMP increases from zero toward 190 °C with a time constaﬁt of 0.4 sec.
Thqs a substantial improvement in temperature stability may be obtained.
III. COMPUTER-SIMULATION OF TEMPERATURE
CONTROT., SYSTEM

In the preceding analysis, several assumptions were made that limit
the accur;cy of the compuﬁations. First, a small signal model was
employed. Secondly, VRX was assumed independent of CURENT. In additiom,

the ohmic power was assumed to be proportional to RXSET instead of RX.
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To study the large signal properties of the system, a CSMP program was
writtenA(see Appendix D). In this model, equations for RX and heating
po&er as functions of temperature obtained from the curve fittiﬂg program
listed in Appendix A, were utilized to improve the accﬁracy of the
simulation. All filters, except the band-pass, were included in the
simﬁlation. Secondary filtering due to AC coupling capacitors was also
negiected. Finally, DC offsets, rectifier accuracy, AC offsets,
electrical noise, and temperature ripple due to the AC heating cufrent
were not considered. |

Figure 63 graphs the . results for a 3 mil stainless stéel sample at
TMPSET - 150 °C and a 3.6 W beam which is turned off at t = 0.1 sec and
back on at t = 3.0 sec. Part (a) shows the teﬁperature with GAIN = 0 (no
coﬁtrol% part (b) shows the temperature with GAIN = 1 and éll filferé
adjusted fo: 40 Hz cutoff frequencies and Tt'= Tc = 0.4 sec. These
graphs illustrate that without control, turning the beam off causes the
temperature to drdp from 150 to 42.666 °C in only 0.4 sec, while after
2.9.seconds, the temperature drops to -22.787 °C. This amounts to a
change in temperature of 173 °C as opposed to the 190 °C change pre-
dicted by the approximate analysis. With control the peak change in
temperature is ~9.68 and 9.50 °C 0.04 sec after the beam is turned off
and on respectively. Within 0.4 seconds after the beam transient the
'sample tempéraﬁure is within'3.19 °C of 150 °C, and within 2.15 sec,
the temperature error 1s only 0.05 °C. Comparing these figures with the
approximat; analysis shows slightly larger peak errors. This diséfepancy
is partly‘due to the overshoot in heéting current .caused by the filters.

This overshoot may be eliminated by either reducing GAIN or increasing
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0.8000 X1 2CURENT 4.000

0.0 +#13QEAMP 4,000

~50.00 1e0aTENP 150.0
TIME : . BEAWP CURENT
0.0 1 I Taux 1 3.6000 2.511%
5.00000€-02 1 1 1 x 1 . +  3.6000 2.5118
0.10000 . 1 1 ox 1 +0.0 2.5118
0.15000 . 1 T ox 1 . 1 0.0 2.511%
0.20000 . 1 I x 1 . 1 0.0 2.5118
0.25000 . 1 T o1 1 0.0 2.5118
0.30000 . 1 1 x . 1 I 0.0 2.511%
0.35000 . 1 1 x . 1 I 0.0 2.5118
0.40000 . 1 I xe 1 1 0.0 2.511%
0.45000 L 1 . ox 1 1 0.0 2.511%
0,80000 . 1< -=]e=X 1 1 0.0 2.511%
0.55000 . 1 . I x 1 1 0.0 2,518
0.60000 . 1 6 I x 1 1 0.0 2.5115
0.65000 . 1 . 1 x 1 1 0.0 2.511%
0.70000 . 1 . [ 1 I 0.0 2.511%
0.75000 . 1 . T ox 1 I 0.0 2.511%
0.80000 3 | S 1 ox 1 T 0.0 2.511%
0.85000 . 1. I ox H 1 0.0 2.%118
0.90000 - . 1 x 1 1 0.0 2.5115
a,08000 . o1 1 x 1 1 0.0 2.511%
1.0000 . 1 t--% 1 el WU 23118
1.0500 ., .1 1 x . 1 1 0.0 2.5115
1.1000 . . 1 1 x I 1 0.0 2.5118
141500 3 ¢ 1 1 x 1 1 0.0 2.5118
1.2000 ) o 1 1 x 1 1 0.0 2.5118
1.2%00. . . 1 1oz 1 1 0.0 2.511%
1.3000 . . 1 1 x 1 1 0.0 2.511%
1.3500 . . 1 1 ox 1 1 0.0 2.511%
1.4000 . . 1 1 x 1 1 0.0 2.5118
1.4500 . . 1 T x 1 1 0.0 2.5118
1.5000 1 1--x 1 1 0.0 2.5118
1.5500 . . 1 I x 1 1 0.0 2.5115
1.6000 . . 1 I x 1 1 0.0 2.511%
1.6800 . . 1 X 1 1 0.0 2.5118
1.7000 . . 1 1 X 1 1 0.0 2.5118
1.7%00 . . 1 1 x 1 1 0.0 2.511%
1.8000 . . 1 T ox I I 0.0 2.511%
1.88080 . . 1 1 x 1 1 0.0 2.8118
1.9000 . . 1 1 x 1 1 0.0 22,5119
1.9800 . . I. 1 x 1 1 0.0 2.511%
2.0000 D 1 1--x 1 1 0.0 2.5118
2.0500 . - 1 1 x 1 I 0.0 2.5118
2.1000 # . 1 1 x 1 t 0.0 2.518
2.1500 . . 1 1 x 1 I 0.0 . 2.5118
2.2000 . . 1 1 x 1 1 0.0 2.5118
2.2%900 . . 1 I x 1 1 0.0 2.5118
2.3000 . . 1 I x 1 T 0.0 2.5118
2.3%00 . . 1 1 x 1 1 0.0 2.8118
2.4000 . . 1 I x - 1 T 0.0 2.5118
2.4500 . . 1 1 ox 1 1 0.0 2.5118
2.5000 1 1-=x 1 I 0.0 2,5118
2.5500 ) . 1 1 ox 1 1 0.0 2.5118
2.6000 . . 1 1 x 1 .1 0.0 2.5118
2.4%99 -37.8a0 . . 1 1 X i 1 0.0 2.5118
2.7000 -22.621 . . 1 1 x 1 3.0 2,%118
2.7500 -22.657 . . 1 1 x 1 I 0.0 2.5118
248000 ° =22.690 . . 1 N 1 1 0.0 2.5118
2.8%00 -22.719 3 . 1 rox - 1 1 0.0 2.5118
2.9000 221744 . . t 1 x 1 I 6.0 2:9118
2.9%00 -22.747 i . 1 J | 1 1 0a0 €e5113
3.0000 -22.787 t 1 1-<X 1 1 3.6000 2.5118
3,0%00 s2.9887 | L2 S [} 1, - .1 2.e000 3.8118
3.1000 14.587 1 1 B 1 1 . I 3.6000 2.5118
a.1800 ALERE A4 1 T ' 1 & 1 . 1 3.s000 2.5118%
3.2000 43,086 1 1 1 X 1 @ 1 3.6000 2.511%
3.2500 56,067 1 1 1 ex 1 - 1 3.6000 2.5118
3.3000 66,852 1 1 1 x I . 1 3.6000 - 2.511%
3,3%00 76,400 1 1 1 X . 1 . 1 3.6000 2.5115
2.4000 84,852 1 I 1 x . 1 . 1 3.6000 2.511%
3.4500 92,334 1 1 I ox o 1 . T 3.6000 2.5118
3.8000 98.957 1 I- 1--x 1 3.6000 2.511%
3.8500 104,82 1 t 1 x I - 1 3.6000 2.511%
3.4000 110,01 1 1 1 x T . . 1 3.6000 2.5118
3.6500 114,60 T 1 1 x 1 . . 1 3.6000 2.511%
3.7000 118.67 1 , L 1. x 1 . . 1 3.6000 2.511%
3.7500 .o122.27 1 1 1 x 1 . ® 1 3.6000 2.5118
3.8000 125.46 1 1 [ ] 1 .o 1 3.6000 2.5118
3,8%00 128,28 1 1 1 x 1 .o I 3.6000 2.5118
349900 130,77 1 1 T v v K t 1.6000 2.4118
3.9500 132.98 1 1 T X 1 .. 1 3.6000 2.5118
4.0000 134,94 1 1 1--X 1 . I 3.6000 2.5118
4,0800 136.67 1 1 1 x 1 .. 1 3.6000 2.511%
4.1000 130.20 1 1 [ 1 . 1 3.6000 2.5118
4.1800 139.55 1 1 [ 1 a 1 .3:6000 2.511%
€,2000 140,75 1 1 I x t ® o 1 3.8000 2.511%
4.3800 141:02 1 1 [} 1 ® « 1 23,6000 2.5118
4.3000 142,78 1 i T i ] . e 1 3.8000 2.5118
4.3500 143.59 1 1 1 x - 1 . e 1  3.6000 2.5118
4,4000 144,33 1 1 1 x 1 . e 1 3.6000 2.511%
4.4500 164,98 1 1 1 % 1 . 1 3.6000 2.5118
4.5000 145,55 1 1 1e-x 1 1 3.6000 2.5118
4.4500 146,07 1 1 1 x 1 - 1 3.6000 2.911%
4.6000 140,92 1 1 1 X 1 . oI 34,6000 2.5118
4.6500 148,92 1 1 1 x 1 o oI 3.6000 2.5118
4.7000 147.27 1 1 1 x 1 . o1  3.6000 2.5118
4.7500 147,58 1 1 [ 1 . ¢ 3,6000 2.5118
4.9000 147,84 1 1 I x 1 . . 3.8000 2.5118
4,8500 148,11 4 1 Loox 1 . ce 3,0000 2.5118
4.9000 148,32 1 1 1 x t . ¢ 3.6000 2.5118
4.9%00 148,52 1 1 T ox 1 . . 3,6000 2.5118

1 1 Leex t 3.8000 2.5118

$.0000 148,69

(a) Gain' = 0, Tc’= 0.4 sec, and 40 Hz filters.

Figure 63. Computed perforﬁance of temperature controiler with a
temperature setpoint of 150°C.
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(c) Gain = 2, Tc = 0.4 sec, and 80 Hz filters.
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(d) Gain = 1, 40 Hz filters, and no integratiomn.

Figure 63 (continued)

CURENT

2.5115
2.5115
2.5115
6,6111
6.0067
8.1245
601042
6.,1075
6.1070
6.1068
6.1071
6,1072
6,1067
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1.500 +2CURENT 7.500
.0 2pkAMP 4.000
Laus0 1o tsTENP 150.0
TINE TEMP BEAMP CURENT
. 150.00 1 —e-ex 1 1 4 3.6000 2.5115
1.00000£-02 150,00 3 x 1 1 1 . e 3.6000 245118
2.00000E-02  150.00 ! x 1 i 1 . «  3.6000 2.5115
3.00000E-02  150.00 i % 1 1 1 . ©  3.6000 2.5115
4.00000€-02  150.00 1 x i 1 i . . 3,600 2.5115
S.00000€-02 150,00 1 x 1 t 1 . e 3.6000 ‘245115
6.00000E-02 150,00 1 x 1 1 1 . .. 3.6000 2.511%
7.00000E-02 150,00 1 x 1 1 I . e 3.6000 . 2.5115
8.00000€-02  150.00 1 x i 1 i . . 3.6000 245115
9.00000€-02  150.00 i x i 1 1 . *«  3.6000 245115
0.10000 150.00 . ] 1 1 1 . 0. 2.5115
0411000 145,87 . X 1 1 . I 1 0.0 2.622%
0.12000 142,33 . v 0 A 1 1 1 0.0 3.8700
0.13000 140,55 o . i 1 A 11 1 v.0 545765
0.16000 180,69 . . i 1 1 3 1 0.0 646562
0.15000 181,94 ° B t i 1 % 1 0.0 T.1117
0.16000 143,55 . 1 . 1 1 X I 0.0 7.1683
0.17000 185,02 . i . 1 X I 0.0 7.002%
0.18000 146,11 . t 1 D 1 A 1 0.0 6.757+
0.19000 186.82 . 1 t . 1 X 1 0.0 6.5333
0.20000 147,22 - 1 1 =l=meex 1 0.0 6.3822
0.21000 147,46 - i t oA 1 0.0 5,312
0.22000 187,62 o i 1 1e % 1 0.0 6.3015
0.23000 187,79 . 1 1 1 ex 1 0,0 0,319
0.44000 117,99 . ! i [T 1 4.0 6.339y
0.25000 148,21 . 1 1 11 Xe 1 0.0 603500
0.26000 146,00 . 1 1 1 L) 1 0.0 6.3471
0.27000 148,66 . 1 1 1 [ A 1 9.0 643340
0.28000 144,82 . 1 1 I x . 1 0.0 6.3176
0.29000 186,97 . 1 1 1 x . 1 0.0 6.3010
0.30000 144,09 1 1 Ie==x 1 0.0 6,2813
0.31000 149,20 . t 1 1 X . 1 0.0 6.,2778
0.32000 149.28 . 1 1 1 & . 1 0.0 ©.2709
0.33000 189,36 . 1 1 1 X ¢« 1 0,0 6.2668
0.36000 149,44 . 1 1 I x e 1 0.0 6.2625
0.35000 189,50 . i 1 rox ¢ 1 U 5.2590
0.36000 149,56 . [l i [ ¢ 1 0.0 6,2555
0.37000 189,61 . 1 1 I X « 1 0.0 6,2521
0.38000 149,66 . 14 1 1 & « 1 4.0 . b.2440
9,39000 149,70 . 1 1 1 x ¢ 1 vl 65,2459
0.40000 149,73 .- i 1 1-=x =1 0.0 6,2433
0.41000 149,76 . [l 1 1 & ol 0.0 6.2610
0.42000 14%,79 . t 1 1 % 1 0.0 6.2391
0.43000 T 149,81 . 1 i [ of u.n n,237e
V. AAULY 189,44 ] 1 1 1 x *1 0.0 6.2360
0.45000 149.86 . [ 1 1 % +1 0.0 6.2347
04485000 189,87 . t 1 1 x 1 0.0 6.23306
0.47000 149,89 . 1 1 1 x e 0.0 6.2326
0.48000 189,90 . 1 1 [ ¢ 0.0 6.2317
T.49000 149,91 . 1 1 1 ox ¢« 0.0 6.2308
0.,50000 lev.92 . 1 1 I-=x 0.0 6.,2301
0.51000 149,93 . 1 1 1 x ¢ 0.0 60,2295
0452000 189,98 . 1 1 1 ox e 0.0 6.2209
0.53000 149.95 . | 1 [ « 0.0 56,2284
0.54000 149,95 . i 1 1oz . 0,0 022080
04395000 ier. 90 . 1 1 I X . 0.0 06,2276
0.56000 149,96 . 1 1 1 x s 0.0 6.2273
0.57000 169,97 . 1 t 1 x . 0.0 6.2270
0.58000 149,97 . I 1 Iox . 0.0 0.2268
0.59000 149,97 . t [ 1 % . 0.0 06,2268
0.60000 189,98 . I 1 —f=eKv~-wavasscaccace 0,0 6. 2263
0.61000 189,98 . 1 1 t s s 0.n e.33¢1
0.,82000 144,98 . ! i 1 % + 0.0 &, 2260
v.63000 149,98 é 1 ] 1 x .~ 0.0 6.2258
0.64000 189.99 . 1 I 1 X ¢ 0.0 6.2257
0, 88000 lev.yy L] o 1 1 A L Y] b, 2256
0.66000 L 189,99 . 1 1 1 & + 0.0 65,2295
. 0,67000 149,99 ¢ 1 1 1 ox + 0.0 6.2255
0,68000 149,99 . t 1 [ . 0.0 6.2253
0,69000 189,99 . 1 1 1% . 0.0 6.2252
6.70000 149,99 . 1 1 I==x ¢ 0.0 6.2251
0.71000 189,99 . 1 1 [ . 0.0 6.2251
0.72000 149,99 . 1 1 1 & o 0,0 6.3280
Ve 73000 149.99 . [l 1 I & * 0.0 6.2251
0.74000 150,00 . 1 t 1 % . 0.0 6.2251
0,75000 150,00 . 1 1 1 ox . 0.0 6.2250
0.76000 150.00 - i 1 1 2 e 0.0 6.2250
0.77000 150,00 . 1 1 1 x . 0.0 6.2250
0.78000 150,00 . 1 1 1 x . 0.0 6,2251
0.79000 150.00 . 1 1 [ - 0.0 $.2249
0.80000 150,00 ‘ . 1 1 1==x e 0.0 . 6,2248
0.61000 150,00 . 1 1 1 x « 0.0 6.2249
0.82000 . 150,00 . t 1 [ * 0,0 6.2249
0.83000 150,00 . 1 1 1 x . 0.0 6,2248
0.84000 150,00 . 1 ] 1« - 0.0 642240
0.85000 150,00 . 1 1 [ + 0.0 6.,2249
0.86000 150,00 . i 1 1 X . 0.0 6,2249
0.97000 150.00 . 1 . 1 [ s 0.0 $.2240
0.88000 150.00 . 1 1 1 x + 0.0 6.2247
0.89000 150,00 . 1 1 £ x . 0,0 6,2246
0.90000 150,00 . t 1 1--x 0.0 6,2265
0,91000 150,00 . 1 1 1 % . 0.0 6,2267
0.92000 150,00 . 1 1 1 % . 0.0 6.2250
0.93000 150,00 . 1 1 1 ox . 0.0 ©.2250
0.94000 150.00 . 1 1 1 ox + 0.0
0.95000 160400 . 1 1 X . b.0
0.96000 150,00 . 1 1 1 X . 0.0 .
0.97000 150,00 . 4 1 1 X . 0.0 6.2207
6,98000 150.00 . I 1 1 x ¢ 0.0 86,2247
0.99000 150,00 . . 1 1 1 ox . 0.0 6.2267
1.0000 150,00 . 1 1 (S22} .0 6.2267

(e) Gain = 4, 40 Hz filters, and T = 0.1 sec.
Note different time scale.

Figure 63 (continued)
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the corner frequencies of the filters. Figure 63(c) shows the same
beam transient with GAIN = 2 and the filter corner frequencies increased
to 80 Hz. As expected, the peak temperature errors are reduced by a
factof of two (5.0 °C within 0.02 sec and 0.05 °C within 1.88 sec).
Figure 63(d) illustrates the effect of removing the integration from the
controller. With GAIN = 1 and 40 Hz filters the temperature overshoot
is clearly visible. When the beam is cut off the temperature error
drops to -9.80 at 0.03 sec after the beam transient and settles to a
constant error of -8.06 °C. The temperature overshoots 1.56 °C at 0.04
sec after the beam is turned on. Finally, Figure 63(e) illustrates
that increasing the reset action by reducing}Tc can reduce the recovery
time. However, inc¢reasing the reset action too much will cause
temperature overshoot during recovery.
Figure 64 shows the transient performance with TMPSET = 500 °C.
The GAIN was increased to 1.67 with filter corner frequencies set to
40 Hz to compensate for the lower sample resistance coefficient at
500 °C. Peak temperature deviations are 8.0 °C 0.04 sec after the beam
is switched on or off. Recovery behavior is similar to that at 150 °C.
Figure 65 shows the turn on behavior of the system. Part (a) shows
that if the sample temperature is approximately at fMPSET before the
control is switched on, the temperature undershoot is about 10 °C. Due
to the nonlinear nature of the resistance temperature coefficient, control
turn on with initial temperatures substantially below TMPSET can lead to
overshoot. For instance, if the initial temperature without beam is
0 °C and the controller and beam are switched on simultaneocusly as shown

. in Figure 65(c) the computer program predicts a temperature overshoot in
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Cx b zCURENT . 10,80
" [EXECT YWY 4.000
terzTFaR a0A.0
TIwe T HEaAMP CURENT
a.n ELLINAS I Necammmmaam- famemmmmn armeenas B e LR L Toemommannaae ®cceceel  3.6000 8.6309
S.00000€-02 wop nr ' B 1 . 1 o 1 3.6000 6.6299
0,10079 wnnLan » . 1 . 1 1 0.0 8.6298
n.jsnann 4w, LY i 1 X 1 0.0 16,231
0.20000 a9s 13 “ . ¥ 1 2 1 I 0.0 10.033
n.25000 4Q6 , 48 ° . 1 1 £ 1 I 0.0 10.068
8.20000 U] - o 1 1 x ! T 0.0 10,060
0.38000 a9n,01 @ . 1 X { 1 0.0 10,080
n.an0nn 486,09 @ e 1 x 1 T 0.0 10,059
0.a6000 aln 0 @ [ . 1 < H 1 0.0 10.058
0.50000 «a7,27 Oeememmans ammmeeaee [=aee- e B Ammefmmmmmmmmaae wmm=1 0.0 10,057
n,85000 437,87 @ i v 1 L3 I T 0.0 10.056
0,40000 497,448 M [ . T X i 1 0,0 10.056
B.65000 i t . 1 x 1 T 0.0 10,085
0.70000 @ i . I X 1 1 0.0 10.05%
n.7%000 < 1 . 1 X 1 1 0.0 10.054
a.a0000 e 1 . 1 A 1 1 0.0 10,054
0.AR00N 2 1 . 1 £ 1 T 0.0 10.053
0.90000 * t . 1 X ! 1 0.0 10.053
0.95000 “ 1 . I ) 1 I 0.0 10.053
1,000n0 Fomeemmcecaccccan=- feommocccnaeman semmlomenasn Re==] 1 0.0 10,053
10500 - ! 1 1 1 0.0 10,082
11000 ° t L | 1 1 0.0 10,052
1.1500 ey, 67 @ I < 1 1 1 0.0 10.052
1.72000G aua 87 e 1 1 1 1 0.0 10.052
1.2500 w9 R hd 1 1 H 1 0.0 19.052
1.7p00 8 A ° { 1 i 1 0.0 10,052
1.3500 409 58 i 1 i I 1 0.0 10.052
1.400n aQu, 12 - I 1 T 6.0 10.052
1.45n9 494718 ° 1 1 1 0.0 10.052
1.5000 «34,70 R ittt { - 1 0.0 10.051
1.5501 49y, an v 1 1 [V 19,081
1. A0 gy a u 1 1 [ Y] 1a.unt
L.AGAN 499,45 ? £ 1 1 0.0 10.051
1.7000 449, 47 e 3 H 1 0.0 10,051
1.7500 GNP LAP i 1 1 T 0.0 19,051
1.2000 803,49 @ ] 1 T 0.0 10,051
1.R500 «94,.9) a I 1 T 0.0 10,061
1.9000 99,92 ° 1 I I 0.0 19,051
1.,9500 a99,43 ° 1 i I 6.0 10.051
2.0000 493,44 e i 4 1 1 0.0 10,0981
2.0500 493,34 < 1 1 1 0.0 10,031
2.1000 439,9S ° 1 T 1 8.0 19.051
2.15n0 4993, 3R ° t ] I 0.0 10.051
2.2000 493,96 ° 1 1 1 0.0 19.051
2.2500 499,97 ° ! 1 1 0.0 1¢.051
?.3000 499,97 e i { 1 0.0 10.051
2.3500 499,37 A 1 T 1 0.0 19.051
2.a000 499 9% * ¥ 1 T 0.0 10.051
2,4500 409, 4P ° 1 T 1 0.0 10,651
2.5000 40y, 94 L T T T t 1 I 0.0 10,051
2.5500 499,94 e 1 . 3 I 1 0.0 10,051
2.6000 499,99 - 1 . x 1 I 0.0 19,651
2,6500 o 1 + X 1 1 0.0 19.081
2.7000 ° 1 . x 1 I 0.0 18.051
2.7500 ° i . i 1 1 0.0 10.051
2.R000 L3 1 . X 1 T 8.0 19.081
2.A500 ° 1 . L3 I 1 0.0 18.051
2.9000 ° 1 . x 1 1 0.0 19.081
249500 “ I * x 1 1 0.0 18.051
3.0n00 leemmeccann 1 —em—— Ke===] 1 346000 190.081
3.0500 T 1 1 1 4 «1  3.,6000 8.4333
1.1000 1 * i 1 1 L I 3.6000 8.6532
3.1800 1 X i 1 1 . . T 3.6000 A.8156
3.2000 T x 1 1 [ . I 3.6000 80,6228
322300 t 5 i i s T 8.4408 4.4220
3.700n0 1 x 1 1 1 . 1 3.86000 8.6235
3.3500 1 x 1 I . H - 1 3.6000 8.6247
J.a000 1 x 1 1 . 1 - 1 3.6000 8.6253
3.4500 1 x 3 14 - t . 1 3.6000 8,6256
3.5000 fooomm- Aewac- 1 EE S Rl - 1 hd 1 3.6000 8.6265
3.8500 T x 1 1 . 1 . 1 3.,6000 8.6269
3.,6000 1 2 1 1] . 1 . 1 3.6000 8.,6276
3.6500 ' x § 1 . I . 1 3.6000 6.6273
3.7000 v v I 1 . 1 A 1 3.6000 8.628)
3.71500 1 2 I 1 . 1 . 1 3.6000 8.6283
3.R000 1 x I 1 . 1 . 1 3.6000 8.6288
I.AS5N0 1 x 1 1 . 1 . 4 3.6000 8.6283
3.q000 T < I 1] . T . 1 3.6000 8.6291
1.9500 50N0.HR T * [ I . T e 1 3.6000 8.6292
4.0000 S0u.50 [EEEEPTY l","' leccan- -l==e - 1= LE 1 3.5000 B.5288
4.0500 500,57 T x i 1 1 . I 3.4000 8.6296
4,1000 sen.a7 1 X 1 s 1 - 1 J.6000 8.02Vi
4,1500 500.41 1 x 1 | R4 I . 1 3.6000 8.6295%
& 2non san, I8 1 x 1 T . 1 L] 4 A.6000 R.A29?
4,2500 500,32 1 L 3 1. i . 1 3.6000 8.6296
4.,3000 500,28 1 x 1 Ie 1 . 1 3.6000 8.629%
a. v LIS} 1 & i ie i 4 1 didaQad (I3 141 ]
4,4000 S00.2”7 r x 1 I+ I . 1 3.6000 8.6294
4,4500 500,19 [ L 1 1« 1 - 1 3.6000 8.6299
4.%000 500,17 H LR -=1 Te~~ 1 . 1 3.6000 8.629%
4.5500 500.1% § ¥ 1 Te 1 . 1 3.5000 8,2300
4,A000 snn, 11 T x I I« 1 - 1 3.6000 8.6301
4.a800 500.17 1 - L 1 1 . I J.6000 08,6302
4.7000 500,10 1 * I . i . T 3.6000 8.6301
A,7150N0 Sau, 0 t * 1 4 I . I 3.8000 8.6290
4.R000 500,09 T * f . 1 . 1 3.6000 8.6299
4,A500 500.n7 1 t 1 . 1 hd 1 3.6000 8.6300
4,.%y0u 400.0n I * 1 . 1 . 1 3.6000 8,630
4.9500 500.05 t x H . 1 A 1 3.6000 8.6299
S.n000 S00,64 r x 1 LRl bdd 1 . 1 3.6000 8.6303

Figure 64. Computed performance of temperature controller at
temperature setpoint of 500°C. Gain = 1.67, Tc = 0.4 sec, and 40 Hz,
filters. '
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*Xv=CURENT 8.000
1.200
. 150.0

TIvE TEwe - BEAMP CURENY
0.0 150,90 1 . 1 . 0.0 0.38537
1.00000F-02  145.01 1 o . 1 1 0.0 1.1895
2.00000F-02 181.01 . X e I 1 0.0 3.7703
I.00000F-N2 139,34 1 ° 1 1 0.0 5.6025
4.00000E=02 133,34 i ° 1ox 1 0.0 6.6174
$.00000E-02 140,11 1 . 1 X 1 0.0 6.6989
6.00000F=-02  141.06 . . 1 x 1 0.0 6.6673
. 7.00000E-02  141.76 1 . . I x 1 0.0 6.4919
8.00000E-02 162,19 1 . . 1 x 1 0.0 6.3096
9.00000F-02 182,38 I . . Ix 1 0.0 6.1931
0.1000n 182,45 I3 . Lt 1=-x I 0.0 6.155S
0.11000 162.53 1 . . 1x I 0.0 6,1720
0.12000 142,68 1 . . 1 X 1 0.0 6.2002
0.13000 182,79 I . . t x 1 0.0 6,2393
0.14000 142,90 1 . ° I x 1 0.0 6.2554
0.)5000 183,18 ! . . T X 1 0.0 6.2581
0.1A000 183,37 1 . . I x 1 0.0 6.2528
0.17000 163,56 1 . o 1 x 1 0.0 6.2455
8.18000 143.70 1 . [ 1 0.0 6.2400
0.19000 143,84 1 .. 1 x 1 0.0 6.2373
0.20n000 146,01 1--- ° I--X 1 0.0 6.2369
0.21000 140,15 1 1 .. 1 x 1 0.0 6.2377
0.22000 145,29 H 1 .. I x 1 0.0 6.2386
0.23000 148,808 1 I e . 1 X 1 0.0 6.2391
0.24000 164,57 1 t .. 1 1 0.0 6.2391
6.25000 144,71 t 1 . B [ 1 0.0 6.2386
0.26000 144,84 t [ o . 1 x 1 0.0 6.2380
0.27000 144,97 1 1 . . I x 1 0.0 6.2373
0.28000 145.10 1 1 hd . S B § 1 0.0 6.2309
0.29000 145,22 1 1 . . 1 x 1 0.0 6.2366
0.30000 145,34 {meemcmcmcann 1 - hd . I=-=2 1 0.0 6.2364
0.31000 145,65 ] I . . I x 1 0.0 6.2362
0.32000 145,54 1 1 . . 1 x I 0.0 6.2339
0.33000 145,67 1 1 . . 1x 1 0.0 6.2356
0.34000 145,78 1 1 . . 1« 1 0.0 6.2354
0.35000 145,59 1 1 . . 1x I 0.0 6,2352
0.36000 145,99 i 1 . . I X 1 0.0 6.2350
0.37000 146,09 ( 1 - . X 1 0.0 6.2347
0.3R000 146,10 i ] ° . I x 1 0.0 6.2345
0.39000 144,28 ! 1 . . 1 X 1 0.0 6.2342
0.40000 186,37 1 1 . D L] 1 0.0 6.2339
6.41000 146.46 1 1 . e 1 1 0.0 6,2337
0.42000 146.55 1 t . e 1 X 1 0.0 6,2335
0.43000 146,64 1 1 - « I X 1 0.0 6.2333
0.44000 166.72 1 t e O O 1 0.0 6.2329
0.45000 166,80 T [ . *1 X 1 0.0 6.2328
0.46000 146,88 1 1 . o1 X 1 0.0 6.2327
0.47000 146,98 1 1 . . x 1 0.0 6.2325
0.48000 147.03 1 1 . . X 1 0.0 6.2323
0.49000 147,11 1 1 . Tex I 0.0 6.2321
0.50000 147,18 1- -=--1 . 1oX 1 0.0 6.2319
0.51000 1647.25 1 I . Ix 1 0.0 6,2317
0,52000 147,32 i I . I x 1 6.0 6.2316
¢.53000 147,58 t t . I Ko T 0.0 - 6.,2314
0.54000 147,45 1 I . 1 Xe I 0.0 6.2312
0.55000 187,51 i 1 . 1 X 1 0.0 6.2310
0.56000 147,57 T I . I X e 1 0.0 6.2309
0,5700n0 147.63 t 1 . Ix e 1 0.0 6,2308
0.58000 147,69 1 1 . T X o 1 0.0 6.2306
0.59000 147,75 1 1 . I X 1 0,0 6.2304
0,6000n 147,81 1 - 1 1-x 1 0.0 6.,2303
0.61000 147,86 1 I . 1K . 1 0.0 6.2302
0.62000 147,91 1 1 . I S 1 0.0 6.2300
0.63000 147.97 1 1 . 1 x . 1 0.0 6.2299
0.64000 148,02 1 1 . 1 X . 1 0.0 6,2299
0.65000 148.07 1 1 . Ix . 1 0.0 6.2297
0.86000 148,11 1 1 . 1x . 1 0.0 . 62298
0.67000 148,16 1 I - X . 1 0.0 6,2294
0.68000 148,21 t 1 - 1 X . 1 0.0 6,2293
0.,69000 tan. 25 1 I - Ix . T 0.0 6.2292
D.70000 18R, 29 I - 1 R D D it Jafcaavontoccaac—al 0.0 6.2291
0.71000 18R, 34 1 I . 1 . T 0.0 6.2290
0.72000 148.34 1 1 . 1x . 1 0.0 6.2208
¢.73000 148,42 ] 1 . IX . I 0.0 6,2207
0.74000 148,4¢ 1 1 . 1 x . 1 0.0 68,2286
0.75000 148.50 I t é 1R . 1 e 58,2283
0.76000 144,51 ] 1 . Ix . 1 0.0 6.,2284
0.77000 148,57 1 1 . X . 1 0.0 6.2284
0.78000 148.61 1 1 hd I x . 1 0.0 6,2283
0.79000 14A, 64 1 ! . I x . 1 0.0 6,228)
0.80000 148,67 1 - 1 I=X 1 0.0 6.2282
0.81000 148,71 1 I . 1 x . 1 0.0 6.2281
0.82000 18R, 76 1 1 . 1 X . 1 0.0 6.2279
0.83000 148,77 1 t . 1x . 1 0.0 6.2278
0.84000 148,80 1 1 - 1x . 1 0.0 6.2278
6.85000 148,83 1 1 - | G 3 . I 0.0 6.2278
0.86000 148.86 1 1 . T« - I 0.0 6.2277
0.87000 148,89 1 1 . x . 1 0.0 6.2277
0,8R000 144,92 4 1 . 1x . 1 0.0 6.2275
0.09000 148,94 I 1 . I x . 1 0.0 6.2274
0.90000 148,97 1 1 =X 1 0.0 6.2274
0.91000 149,00 1 1 - Ix . 1 0.0 8.2272
0.92000 149,02 ! 1 - 1 X . 1 0.0 6.2272
0.93000 149,04 1 1 . X . 1 0.0 6.2272
0,9400¢ 149,07 i 1 . [ . 1 0.0 6,2271
0.95000 149,09 1 1 » 1 . 1 Ve 4.2271
0,96000 144,31 1 1 - Ix . 1 0.0 6.2270
0.97000 149,14 1 1 - 1x . 1 0.0 6.2269
0.98000 149,16 1 1 - Ix . 1 0.0 6.2269
0.99000 149,18 I 1 . % . 1 0.0 6.2268
1.0000 149,20 1 t 1=x . 1 0.0 6.2267

(a) No beam with initial temperature = final temperature = 150°C
and no VRX limit.

Figure 65. Computed turn on behavior of temperature control system.
Gain = 1, Tc = 0.4 sec, and 40 Hz filters.
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0.0
1,00000E-02
2.00000E-02
3.00000E-02
4.00000E-02
3.00000E-02
6.00000E-02
7.00000E-02
8.00000E~-02
9.00000E-02
0.10000
0,11000
0.12000
0,13000
0.14000
0.15000
0.16000
0.17000
0.18000
0.19000
0.20000
0.21000
0.22000
0.23000
0.24000
0.25000
0.26000
9.27000
Q.2H00D
0.29000
0.30000
Qa.31000
0.32000
0.33000
0.34000
0.35000
0436000
0437000
0.38000
0439000
0.40000
0.41000
0.42000
0.43000
0.44000
0,45000
0.46000
0.47000
0.48000
0.49000
0450000
0451000
0.52000
0.53000
0.54000
0.55000
0.56000
0.57000
0458000
0.59000
0.60000
0.61000
0402000
0.63000
0.64000
0465000
ga.A6000
v.870UY
0.68000
0.69000
0470000
0.71000
0472000
0.73000
0.74000
0.75000
0.76000
0.77000
0.78000
0.79000
0.80000
0.81000
0.82000
0.83000
0.84000
0.85000
0+006000
0.87000
0.88000
0.80000
0.90000
0.91000
0.92000
0.93000°
0.94000
0.95000
0.96000
6.97000
0.94000
0.99000

1.0000

(b) No beam with initial temperature = 0°C, final temperature

las,.u?
143,24
1a4.4])
143,57
143,73
143,99
14a,06
183,19
JEL PR
144,47
148,01
1aa,74
146,487
185,00
1a5,12
145,24
145,386
le5,44d
185.59
145,70
135,481
185,91
166,01
is6,.11
146,21
146,30
146,39
136406
146,57
146,66
146,74
146.82
140,30
lao,v8
147,05
147,12
147,20
le7.27
1al,33
147,00
167 ,an
147.53
147,39
147,05
187,71
187,706
147,82
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0. 1aCURENT 264,00
=lecut terzhLaNy 1.200
v.u YetaTrMP 240.0
L R b Ll === i
. i ox 1
1 *i . 1 X
1 i - . x
1 1 . I3 I .
14 1 ° I .
1x I e t *
1 i . L
1a t ° 1
14 t A 1
ia - [ . 1
1a L e 1
173 1 ° 1
{a 1 . .
ta 1 . I
1a 1 hd . 1
s 1 . . 1
(¥ I A . 1 .
(23 1 . . i
14 1 . . 1
ir - 1 1
14 ] . . 1
i ] . . 1
1 A . . I
1 I - . 1
1 () . v 1
1 LA . . 1
1 ia . A 1
1 . a . 1
1 & - - 1
I -—4 - . 1
1 a - ' 1
i % . . 1
13 173 . . 1
1 14 * . 1
t Ix - . 1
1 1% - - 1
1 173 . i 1
1 (%3 - . 1
L 1a ° . 1
1 1% m————— 1
1 ix - . 1
1 ix A . 1
1 ix - . 1
1 I . . 1
) ia . . I
1 ix i . 1
I ix . . I
{ s . . 1
1 133 e . 1
1 123 . 1
1 123 . . 1
1 14 - . 1
1 ia . . I
1 14 . . 1
1 Ia - . 1
1 Is - - 1
i ix - . 1
1 1A . . 1
L Ix - . 1
[ R A 1
[} A - . 1
i 2 L] - | o
1 A . . 1
1 A - . 1
1 & - . 1
1 K3 - ' 1
1 a . . I
1 A . . 1
1 x . . 1
1 =A 1
L A . . I
I A . . 1
1 A - - 1
1 A . . 1
t X . - 1
[ A . . 1
1 A - . 1
I A - . 1
1 L3 . . I
1 A 1
1 A - . 1
I x b4 . 1
1 A - - H
I A - - 1
I A . . 1
! A . . 1
1 X - . 1
1 A L4 v 1
L A . + i
I - 1
i A b . 1
i . . . H
1 3 - . 1
i A . . 1
i A . . 1
1 A b + I
1 X . - 1
1 A . - 1
1 X . *+ 1
1 A 1

150°C, and no VRX limit.

Figure 65 (continued)
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CURENT
0.38537
l2.468
23,3719
22.208
13.635
0.38537
0.38537
0.38537
0.38537
0.38537
0.38537
0.38537
0.38537
0.38537
0.38537
0.38537
038537
0.38537
0.368537
0+385237
0.38537
0.38537
4.2702
6.2386

6.2207
6.,2306
6.2305
02208
0.2303



TIME

0.0
1.00000E-02
2.00000E-02
3.,00000€-02
4,00000E-02
S$.00000€£-02
6.0G0000E-02
7.00000€-02
8,00000€~-02
9.00000E-02
0.10000
0.11000
0.12000
u.13000
0.14000
0.15000
0.,16000
0.17000
0.18000
0,19000
0.20000
0,21000
0.,22000
0.23000
0.24000
0.25000
0.26000
0,27000
0.28000
029000
0.30000
0.31000
0.32000
0.33000
0.34000
0.35000
0.36000
¢.37000
0.38000
0.35000
0.40000
0.41000
G.42000
‘0443000
0.44000
0.,45000
0.46000
0.07000
0.48000
0.49000
0.50000
0.51000
0.52000
0.53000
0.54000
0.55000
0,56000
0.57000
0.58000
0.59000
0,60000
0.61000
0.62000
0,63000
0.64000
0.65000
0.66000
0.67000
0.68000
0.69000
0,70000
0,71000
0.72000
0.73000
Q.74000
0.75000
0.76000
0.77000
0.78000
0.79000
0,80000
0.81000
0.,82000
0.83000
0.84000
9.85000
0.86000
0.87000
0.88000
0,89000
0.90000
0.91000
0.92000
0.93000
Q.94000
0.95000
0.96000
0.97000
0,98000
0.99000
1.0000

TEM

0.0
1.9370
224,267
a9,¢55
76,085
104,96
133,27
151,48
159.26
15%.78
156.00
151.29
144,35
167,95
148,75
143,75
150,47
150,78
150.76
150,58
150,40
150.28
150.24
150,24
150,27
150.2%
150,30
150,50
150,28
150.27
150.¢n
150.¢5
150,24
150.24
150.23
150.23
150,22
150,22
15v.21
150.21
150,20
150,20
150,19
150,19
150.18
15v.18
150,17
150017
15u.16
150.16
150,16
150,15
150,15
150.1%
150,14
150,15
150,13
150.13
150,13
150.12
150,12
150.12
150.12
150,11
150.11
150411
150.10
150,10

T150.10
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u VAVSCURENT 20,00
+200 terapaMp 1.200
v VertafEMM 160.0

BEAMP CURENT

Amremreareae 1 e I 1 0.0 0.38537

1 . i 1 1 0.0 11.133

- 1 . 1 13 1 0.0 16.727

1 . . 1 x 1 0.0 16.811

i L I 13 1 0.0 16.883

1 . . 1 A I 0.0 17,085

1 - 1 LI I 0.0 16,141

[ hd X 1 . 1 0.0 12,674

1 X - 1 ¢ 0.0 8.,5989

&1 * 1 s 0,0 4,7629

..... % 1 . 1 1 0.0 1.7626

A 1 . 1 . I 0.0 2.6053

A - 1 . I 0.0 5.0901

1 I3 . { . 1 0.0 6.4868

1 A - 1 A 1 0.0 6.80687

1 & . 1 . 1 0.0 6.8150

[ x - 1 e I 0.0 6.5717

L A . 1 o 1 0.0 643166

1 A . 1 . 1 0.0 6.1521

1 A . 1 . 1 0.0 6.0987

- P [===4 I em==1 0,0 6.1228

rox . I e 1 0.0 6.1748

1 A - 1 . I 0.0 0,219

1 A . 1 . I 0.0 6.2430

I3 A A4 1 . I 0.0 6,2471

1 A A4 1 . I v.0 6.2400

1 A . 1 . 1 0.0 ©.2303

) A hd 1 . 1 0.0 6.2230

1 A i 1 . 1 0.0 6.2199

1 4 . 1 . 1 0.0 042200

I-==a 1 1 0.0 6.2217

I A . 1 . I 0.0 6.2234

1 A . 1 . 1 0.0 6.2245

) A . 1 . 1 0.0 6.2250

1 A - 1 . 1 0.0 6.2248

1 A L] 1 - 1 0.0 6.2245

1 A - 1 . I 0.0 6.2242

1 A . 1 . 1 v.0 6.2261

1 A - 1 . I 0.0 06,2240

1 a . 1 e 1 0.0 6.2261

- 1===x 1 e===1 0.0 6.2242

1 A . 1 . 1 0.0 6.2243

1 A . 1 . I 0.0 6.2243

1 A . 1 . 1 0.0 0.2243

1 A L4 1 . 1 v.0 6.2242

1 A . 1 . 1 0.0 6.2243

F— . 1 1 0.0 6.2263

i A . 1 . 1 0.0 6.224)

I A . 1 . 1 0.0 602243

1 A . 1 . 1 0.0 642243

[meex 1 seeml 0.0 6.2246

I A . 1 . 1 0.0 62244

{ A - 1 . I 0.0 62244

1 A . 1 . 1 0.0 6.2243

I A - 1 . 1 0.0 b.2244

1 A L4 1 . 1 0. 6e2244

H A . 1 . 1 0.0 6,2244

i A L4 1 3 1 0.0 62244

1 A . 1 3 I 0.0 62244

I . 1 e 1 0.0 6.2204

Te=oa 1 emeel 0.0 6.2244

1 A - 1 . 1 0.0 6.2244

1 A - 1 . I 0.0 6.2244

1 L) L4 1 . 1 0.0 6.2244

1 A L4 1 . I 0.0 642245

1 X . 1 ‘ I 0.0 642244

! A . 1 . 1 0.0 6.2245

1 A . 1 . I 0.0 6.2246

1 A . 1 . I 0.0 642245

1 L] . 1 . 1 0.0 b.2245

[=-ex I eme-1 0.0 6.2245

1A . 1 ¢ 1 0.0 6.2245

1 A . 1 . 1 0.0 6.2265

I oa . I < 1 0.0 642245

A - 1 « 1 0.0 6.2245

I3 A . I + I 0.0 6,224S

1 A - 1 A4 1 0.0 62245

1 A - 13 . 1 0.0 0.2245

13 A . 1 . I 0.0 6.2245

1 A »” 1 . I 0.0 6.2246

Jom=a 1 see=] 0.0 642206

1 A . 1 . 1 0.0 ©.2245

1 A . 1 . 1 0.0 b.2245

1 A L4 1 . 1 0.0 6,2245

I A L4 1 . 1 0.0 6.2260

1 A - 1 . I 0.0 0.2200

1 I'3 . 1 . 1 0.0 6.2246

1] A . 1 . 1 0.0 6.2246

13 A . 1 . I 0.0 6.2240

1 A - 1 . 1 0.0 6,2246

J-==x t =1 0.0 6.2247

1 A - I . 1 0.0 G.2246

1 A * 1 . 1 0.0 ©.2246

{ A . b . 1 0.0 6.2246

1 A . 1 . 1 0.0 6.2246

1 A . 1 . 1 0.0 6.2246

1 A - 1 . 1 0.0 6.2240

i Iy . 1 . 1 ved 6.2245

LA . 1 « 1 0,0 0.2246

1 A . 1 . 1 0.0 6.2247

3 I===a 1 smm=] 0.0 0.2247

o
(c) No beam with initial temperature = 0°C, final temperature

= 150°C, and. |VRX| < 12 V.

Figure 65 (continued)



TIWE

0.0
1.00000E~02
2.00000E-02
3.00000€E-02
4.0U0Q0E~02
S.00000€-02
6,00000€~0¢
7.00000€-02
8,00000€-02
9.00000E-02
04.10000
0.11000
0.12000
0.13000
0.14000
0.15000
0.16000
0.17000
0.18000
0,19000
0.20000
6.21000
0.22000
¢.23000
0.,24000
0.25000
0.26000
n_.31000
0.28000
0.29000
Q<30000
0, 3ana
0.22000
0.33000
0.34000
0,35000
0.,36000
0.37000
0.38000
0.39000
0.40000
0.41000
0.42000
0.43000
Q.44000
0.45000
0.46000
0.47000
0.48000
0.49000
¢.50000
0.51000
0452000
0.53000
0.54000
n.860NN
0.56000
0.57000
0.58000
0.59000
0.60000
U.mjUUY
Qs0L000
00000
0.04000
BeASANN
0.50000
0.67000
0.68000
0.69000
¢.70000
0.71000
0.72000
Q.723000
0.74000
0.75000
0.76000
0.77000
0.78000
0.79000
0.80000
0.81000
0.82000
0.83000
0.84000
0:8%000
0.86000
0+87000
0:08000
0.89000
0.90000
a.91000
0.92000
0.93000
094000
0.95000
0.96000
0.97000
0.98000
4.994844
1.0000

(d) Beam turned on at TIME = O with initial

TEMP
0.0
6,0619
T1.817
c¢la,.12
261.40
259,18
255,74
252,40
Zav.le
245,95
242,85
239.d2
230,47
233.99
231,19
228,45
225,718
223,17
22v.63
216,15
215,74
£13.38
211,08
208,84
206.065
2ve.n2
202,494
2un.al
198,43
1Y6.50
Lva,.62
[CT 1)
100 g
189,74
187,94
185,08
186,26
162,08
18l.1e
179.83
178,17
176,74
175,36
173,98
172,65
171,36
170.10
lod.u?
167,07
1bu.aY9
169.35
los.2e
164,15
loe.09
161,06
1A0.0%
159,07
15d.11
157,17
156.26
155,47
e b0
15debt0
152403
152,03
1.4
13v.aA
lav,. 13
189,00
ley.29
147,00
140,92
186,26
Las n2
l4a,99
144,38
143,79
163,20
182,064
182,08
181,54
181,14
181,186
141,47
141,85
14laxl
142,47
142,06
142400
162,96
143,08
143.25
143,082
143,59
163,76
le3.v2
146,07
180,21
184,45
i4a .09
1e4,03
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0.0 24,00
£.500 7.500
0. 420.0
BEANP
Ammm———ee 1 -—-- I=-eee~ 1 I 3.6000
I t . Ix 1 1 3.6000
1 .l - i 1 X1  3.6000
1 I . 1 . 1 1 3.6000
H 1 o x 1 1 . b 3.8000
s 1 - 1 1 . I -3.6000
i i ° 1 [ 1 3.6000
Ix I . t [ I 3.6000
A ( . 1 1. 1 3.6000
% [ . 1 [ I 3.6000
I 1 ° f I -~I  3.5000
Ix 1 o 1 . 1 3.6000
s 1 . 1 ol I 3.6000
1a 1 . 1 o1 I 3.6000
Ix I . 1 .1 I 3.6000
x N . 1 . 1 3.6000
I« 1 . 1 < I 3.6000
1% 1 . 1 . 1 1 3.6000
14 1 ° 1 . 1 1 3.6000
Ix 1 ° 1 . 1 I 3.6000
[Ammmcmmcmmcmmm mea] - Jeemmevacmaccemnanan 1 I 3.6000
1A 1 - I . 1 1 3.6000
1 1 - 1 . 1 1 3.6000
Ia 1 A 3 4 1 1 3.6000
i 1 . 1 . 1 1 3.6000
% 1 . 1 . 1 I 3.6000
A [ . 1 . 1 I 3.6000
s 1 . i . 1 l 3,6000
1x i - 1 . i 3.6000
I I . 1 . 1 I 3.6000
[« -- -1 I 1 1 3.6000
s 1 o i . 1 I 3.6000
i i * 1 . 1 1 3.6000
1 t . 1 . 1 1 36000
A 1 - 1 . 1 1 3.6000
83 1 . 1 . 1 1 3.6000
1s 1 b4 1 . 1 1 3.0000
Ia 1 . 11 . 1 1 3.6000
1x 1 . 1 . 1 1 3.6000
A 1 . 1 . 1 1 3.6000
In 1 ——- I-=n0 t 1 3.0000
Ix 1 . P . 1 I 3.6000
(a 1 . . 1 1 3.6000
Ix 1 ° I . 1 1 3.0000
1a f . [ . 1 1 3.6000
Ix [ . 1. i 1 3.6000
11 1 - i t 1 3.6000
14 1 . 1. 1 1 3.6000
Ix 1 - IS 1 I 3.6000
1% 1 - I . 1 T 3.4000
X 1 . I 1 1 3.,6000
1 i . Ie 1 1 3.6000
Ia 1 . 1e I 1 3.6000
A I - N 1 13,6000
X 1 . . 1 I 3.6000
12 ] . . I 1 +6000
I i . . 1 I J.6000
ix i . . 1 I 3,6000
% I . .1 1 1 3.6000
Ix 1 . o1 1 I 3.6000
% .1 aas o1 1 1 3.0000
Ia 1 s 'l i 1 2.s900
1A 1 - .« 1 1 1 1.6000
14 i - .t 1 T 3.n000
Ia 1 - + 1 1 t 3.6000
s f M 1 1 I 3,6000
1a s -1 1 [T
ia 1 . o1 1 1 3.6000
Ix 1 . o 1 1 1 3.6000
Ia i - v 1 1 3.6000
x - 1 . -1 1 I 3.5000
14 i . “ 1 1 1 3.6000
Ix 1 . « 1 I 1 3.6000
14 1 . .« o1 1 I 23,6000
ix 1 . . I I 3.6000
Ix 1 . . 1 t 1 3.6000
ia 1 . < 1 1 1 3.6000
I 1 - - 1 I 1 3.6000
14 i . . 1 1 1 3.6000
Ix I . .ol 1 1 3.6000
1x -1 s 1 1 3.6000
It X 1 . . 1 1 1 3.e000
1 N 1 . 1 I I 3.6000
[ M 1 . . o1 I 1 3.6000
H X [ . . o1 [ 1 3.6000
1 1 i - . i 1 1 3.s80a0
1 x 1 . .« 1 1 1 3.6000
1 x 1 - . 1 1 1 3.6000
1 X 1 a - 1 1 ] s.8n00
[ 2 1 - . 1 1 1 3.6000
[ " I . P i 1 3.6000
1 X 1 - . 1 1 1 3.6000
1 x 1 - . 1 1 1 3.6000
1 ® [ . . 1 1 1 346000
1 X 1 . . 1 1 H 3.6000
) X | . . 1 1 I 3.6000
[ x It . . 1 1 1 3.8000
H x 1 . PO I 1 3.6000
I x 1 . P 1 I 3.6000
1 'Y 1 'Y - 1 1 1 348000
i x 1 -—=1 1 1 3.6000

final temperature = 150°C, and no VRX limit.

Figure 65 (continued)

temperature =

CURENT
0.38537
12.403
23,379
21.469
10,039
0.38537
0.38537
0.38537
0.38537
0.38537
0.38537
0.38537
0.38537
0.38537
0.38537
0.38537
0.38537
0.38537
0.38537
0.38537
0.38537
0.38537
0. 38537
0.38537
0.38537
0.38537
0.38537
0438537
0.385%3/
0.38537
0.38537
0.38537
0 !
s:388d7
0.38537
0.38537
0.383%37
0.38537
0.38537
0.38537
0.38537
0.38537
0.38537
0.38537
0.38537
0,38537
0.38537
0.38537
0.38537
0.38537
0.385237
0.385237
0.38537
0.38537
043085237
0.38537
0.38537
0.3R537
0.38537
0.38537
0438537
0,30827
0. 34537
0.38537
0,34537
0038537
¢.28311
0.38537
0.38537
038527
0.38537
0438537
0.38537
0.38537
0.38537
0438537
0.38537
0.38537
0.38537
0.38537
0.38537
1.7123
2.4928
2.1122
2.8061
?.7119
2.57715
2.4773
2aBRiD
2,4531
2.4889
25203
205353
2.5358
2.5276
2.5190
2.5140
2.5125
2,5135
2:510)
245166

o°c,
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0. tRe=C 20.0u
1,200 . 7.500
L] ter 200,v
TIvg TE ¥ pEAMP CURENT
0.0 0.0 AT - Attt === froem- m————— l=scocccccnrcce- 1 3.6000 0.38537
1.00000E-02 B.8U07 L. ! b4 1 1 3.6000 1i.118
2.00000E-02 30.312 1 . 1 . 1 A 1 3.,6000 16.725
3.00000E-02 o3.uns 1 I . I x 1 3.6000 16.812
.UDV0VE=02 Yo, 837 1 1 . i A 1 3,6000 16.883
5.00000E~-0¢ 131.10 I3 1 A 1 A 1 3.,6000 16.726
6,00000E~02 1n7.¢2 ! 1 © I - I 3.6000 13.351
7.00000€~02 iba.sH 1 1 ° A ! . 1 3.6000 7.97067
8.00000E-0¢ le7,45 2 1 . 1 . 13 3.6000 0438537
9.00000E-V¢2 lod, 72 1a 1 ° 1 . 1 3.6000 0.30537
0.1000v lo?.53 [4-w=a= v-ses—cecees 1 Oemaan 13 . 1 3.6000 0.38537
G.1100v loo.sh Ia 1 . 1 . 1 3.6000 0.38537
0,12000 los,e? Ia 1 . I . 1 3.6000 0.38547
0,13000 low.l} ba 1 ° 1 . i 3.6000 0.34537
0.14000 164,02 i [ ° 1 . i 3.6000 0.39537
0.15000 lol.9? 1a 1 . 1 . I3 3.6000 0.38537
0.16000 160,98 12 1 ° I . 1 3.6000 0.34537
0.17000 139,93 1A 1 hd I . 1 d.0000 0.38547
0.18000 13n.vh Ia 1 . I . 1 3.6000 0.38537
0.13000 190.00 1x 1 A 1 . 1 3.6000 0.30537
0.20000 157,06 fawemee sm--- ! . | i e taiebbet el 1 3.6000 0.3d4537
0.21000 150.15 Ia i e | . I 3.6000 0.38537
0.,22000 182,¢7 [ €3 1 ° I 1 3.6000 0.38537
0.23000 154,40 ia 1 . I« 1 3.6000 0.38537
0.24000 1593.56 IS 1 ° I - 1 3.6000 0.38537
0.25000 15¢.76 A I A 1. 1 3.6000 0.38537
0.26000 toe.iv ( A 1 e 1e 1 3.6000 2.0450
0.27000 152,07 1 X 1 ° 1 1 J.0000 2.6473
0.28000 Ine.lt I Y 1 ° 184 I 3.6000 2.192«
0.2900¢ 152.¢8 1 A i hd 1 1 3.6000 d.758)
0.30000 T 152,94 i A { - IR R et 1 3.6000 206337
Q.31000 15¢.32 i X 1 e 184 I 3.6000 2.5126
0.32000 15¢.cs I X 1 o 1+ I 3.6000¢
0.33000 152.1e 1 X 1 ° I 1 3.0000
©.38000 152,05 1 A 1 ° 1. 1 3.0000
0.35000 131,99 I % 1 . |84 1 3.6000
0.36009 15l.v8 1 x i . Ie 1 3.6000
0.370v0 151.90 1 x t . I« i 3.0000
0.38000 I>l.00 1 X 1 A4 1 1 3.6000
0.39000 151,482 t x 1 hd 1« 1 3.6000
0.40000 i51.70 - - -=1 . LRt LSl LIt St b e 1 3.6000
0.41000 i®1.73 1 x 1 ° Ie 1 3.6000
0.42000 151l.0v 1 < 1 e 1e i 3.6000
0.a43000 151.08 H X 1 - 1 I3 3.6000
U.e4000 151,00 ! X 1 ° I ! 3.6000
0.45000 151.56 { X 1 ° ie I 3.6000
0.46000 151,53 I x i - Le 1 3.6000
0.47000 151.99 1 X 1 L] Ie I 3.,6000
V.48000 151.45 1 X 1 ° le 1 3.6000
043000 151,92 1 x 1 . i« 1 3.6000
0.50000 151, 38 [eememann e [me=ean L i ——leas I 3.0000
0.51000 151,35 1 x 1 . 1 1 3.6000
0.52000 151.31 i X 1 . 1« 1 A.6000
0.53000 15) .78 1 X ! . Ie 1 3.6000
0.54000 i51.¢% 1 X i . 1. 1 3.6000 2.5100
0.55000 151.22 1 X 1 b Ie 1 3.6000 2.5100
151,19 1 * i . ie i 3.6000 2.5108
151,16 b X 1 o Ie 1 3.6000 2.5107
151.13 1 X 1 ° 1e 1 3.6000 2.5110
151,10 1 x 1 ° ie i 3.6000 2.5110
154.07 I-eem—aus Resmocmans fomm—=- At b == 1 3.6000 2.5104
15k.u5 I X 1 . ie 1 3.6000 2.5102
151,02 1 x { . |84 1 3.06000 2.5103
151.v0 1 X I . 1e 1 3.6000 2.5103
150,97 1 3 i * |84 1 3.6000 2.5102
150,95 I x I * Ie 1 3.6000 2.5105
150,92 1 A I ° |84 1 3.6000 . 2.5107
150.90 I X I3 . 1e 1 3.6000 245107
15v.88 I 2 t . |84 1 3.6000 2.5108
150.86 1 L3 L . 1 1 3.6000 2.5108
150,04 I -x 1 A Ie 1 3.0000 2.5109
150,82 1 x i . 184 1 3.6000 2.5108
150,80 1 X 1 . Ie 1 3.6000 2.5107
1S0. /8 1 3 { ° |84 1 3.6000 2.,5106
150,76 1 x i * i 1 4.6000 2.5108
15d. 7 1 x i . 1 1 3.6000 2,5109
15v,.72 1 X 1 . |84 1 3.0000 2.5110
150.70 1 x I * I« 1 3.6000 2.5107
15V.08 i x 1 . . 1 3.6000 2.5107
150,07 1 x I . . M 1 3.6000 2.5108
150,65 H -x 1 Pummme 1 3.6000 2.5108
15v.63 1] L3 I . 4 1 3.6000 2.5108
150.62 1 X 1 . . 1 3.6000 2.5109
15V.00 t L) 1 A . 1 3.6000 245108
190,59 1 x 1 ° . I ‘3.6000 2.5110
150,57 1 X 1 . . H J.6000 2.5110
150.5% 1 x 1 hd . 1 3.6000 2.5108
150,35 I X 1 . 4 1 3.6000 2.5109
150,53 1 X I . . 1 3.6000 2.5110
150.52 1 X 1 - . 1 3.6000 2.5111
I5u.51 [T Kammmmenme [rmmmen L . I 3.6000 2.5112
150,49 1 x 1 - . 1 3.6000 Za511s6
150,43 1 X I hd . i 3.6000 2.5113
150.67 [ x 1 . . 1 3.6000 2.5110
150,00 1 X 1 . . I 3.6000 245109
19U, 4> 1 x 1 hd . 1 3.6000 2.5110
15v,46 1 X I3 . . 1 3.6000 245110
150.43 1 x I3 . . 1 3.6000 2,5111
1ov,.al t L3 1 . . 1 3.6000 2.5112
0.99000 150,40 1 x 1 - o . 1 3.56000 2.5111
1.0000 150,39 [eemscccrXeraceno~= 1 * 1 3.6000 2.5111

(e) Beam turned on at TIME = 0 with initial temperature = 0°C,
final temperature = 150°C, and |VRX| < 12 V.

Figure 65 (continued)
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excess of 100 °C due to severe overshoot in the heating current.
Fortunately, the real controller has adjustable current limitations to
prevent severe overshoots. First, the fate of current increase and
decrease is limited by the #12 V iimit on VRX. No such limit was
placed on VRX for the simulations shown in Figure 65(a), (b), and (c),
but the results are shown in Figure 65(d) and (e) for a limited VRX.
These figures show that the overshoot is reduced té less than 20 °C by
limiting lVRXI 212 V. This agrees well with measured overshoots.
Secondly, the maximum current limit is adjustable.

While the preceding computations show good behavior for large
signal beam transients, the most common beam perturbations are random
noise with short term standard deviations of about 3%. Additionally,
turbulence in the He atmosphere causes substantial temperature noise.
To simulate beam and He induced noise, Gaussian noise was assumed for
the beam power. This‘was accomplished by using the CSMP Gaussian
random number generator with an average value of 1 and a standard
deviation of 0.1. This nulsy signal was then syuurcd and multiplied
by the steady state beam power. The square of ERRTMP was integrated
for 1 second to obtain the variance in temperature. The standard
deviation was obtained by taking the square root of the variance. For
a mean temperature of 150 °C with a mean beam power of 3.6 W, the
staﬁdard deviation was U.559, 0.205, 0.188, and 0.195 °C for GAIN equal
0, 0.7, 1, and 1.4, respectively. Peak deviation in temperature (out~
put interval = 10 msec) was 1.25, 0.51, 0.43, and 0.44 °C for GAIN
equal 0, 0.7, 1, and 1.4, respec;ively. Since the bandwidth of this

simulated noise depends on the integration. step size, which is variable,
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it was difficult to predetermine:noise spectrum. Probably, the spectrum
is relatively flat to a frequency beyond the filter cutoff frequencies.

In addition, the noise spectrum of the actual beam is unknown.
IV. MEASURED TEMPERATURE CONTROLLER PERFORMANCE

Figure 66 shows the measured performance of the temperature control
system. The filter corner frequencies were set for 37 Hz. Temperature
error was computed from VRX. VRX, VCURR, and other data were monitored
by fast sampling A-D converters (grounded) and processed by a
minicomputer. Data sampling rates were 24 sec"1 and 1 sec—l. Ground
loops and RF noise pickup on the cables caused some randém fluctuations
in the indicated temperature. This problem has been solved in the
present design by employing integrating A-D converters with differential
inputs ( 4-1/2 digit panel meters with BCD output’. Note that turning
the 3.3 W off caused a drop in temperature of only 4.2 °C about 80 msec
after the beam transient. Within 2.2 sec, the temperature ieturﬁed to
the set point temperature of 150 °C to within 0.05 °C. Note that the
peak error is less than half that predicted by the computer simulation.
This results from the fact that the simulation assumed an instantaneous
change in beam power, whereas the actual beam has a finite rise (fall)
time.

Figure 66 also depicts standard deviations in temperature.

Average temperature and standard deviations were calculated on an HP45
calculator from ten consecutive data points. Note that the standard

deviations are only slightly higher with beam than without beam. This
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(a) Long-term response with 316 stainless steel sample.

Figure 66. Measured temperature control at 150°C.
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V Figure 66 (continued)
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atmosphere causéd by the circulating fan: without beam and a constant
heating current of less tham 0.33 A, the fluctuation in sample
temperature was twenty-five times higher in circulated He than in a
vacuum. Note that without control, the standard deviation is about ten
times higher ignoring the times when the beam is momentarily lost as
shown in Figure 66. Note also that the turn on overshoot is only 14 °C
due to the slew rate limit of the controller. Note also that this
overshoot decays within 2 seconds.

Temperature controller performance was also measured at differenl
temperatures and He pressures. For 1 at. pressure and 150 °C as shown
in Figure 66, 24 sec measurement periods yielded typical standard
deviations of 0.06 and 0.15 °C without and with a 3.3 W beam,
respectively. Reducing the He pressure to 1/2 at. gave standard
deviations of 0.07 and 0.12 °C for 10 sec measurement periods without
and with a 3.3 W beam respectively. At TMPSET of 500 °C with 1 at. He,
standard deviations of 0.05 and 0.12 °C were obtained for 10 second
measurement periods without and with a 3.3 W beam, respectively.

Figure 67 illustrates the system errbr due to rectifier and
linearity errors. A Keithley model 180 DVM was used to measure VERROR
while a Hewlett-Packard model 3490A DMM was used to measure VCURKR.
RXSET = RS = 0.1 was assumed to compute ARX = DELRX. Peak error due to
noise is shown in Figure 67. Darlington 2N5087 and 2N5089 transistor
rectifiers were employed. Note that with an AD528JH opamp, ARX ts held
to within 30 ppm for currents ranging from 200 mA to above 30 A. If
noise is included, then a peak error of 30 ppm is obtained for a current

range of 2 A to 30 A. Excluding noise, an AD506LH opamp gives a typical
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Figure 67. Effect of rectifier linearity on control system
accuracy. Rx = RS = 0.08 and ry = 0Q.
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- error of 30 ppm in Rx for a current greater than 2 A. Also note that
for AD528JH opamps, the AC and DC offset controls can be adjusted to
reduce the error to less than 10 ppm for currents above 3 A. This
indicates that the PID can measure resistance with sufficient accuracy
to enable outstanding temperature measurement accuracies; i.e.,
accuracies range from 0.005 °C at 150 °C for zirconium to 0.2 °C at
700 °C with Hastelloy F for a 10 ppm resistance accuracy. Moreover, the
noise voltage contributed by the rectifiers is less than a fourth of the
noise of the instrumentation amplifiers. Hence by redesign of these

amplifiers, a resistance measurement accuracy of 2 ppm may be obtained.



CHAPTER VI
CONCLUSIONS
I. DISCUSSION OF RESULTS

It was shown that temperature control for an irradiation experiment
is very complex. Although a constant average specimen temperature
averaged élong the width and length of the sample to within 0.05 °C is
necessary for some materials to prevent 1 ppm thermal expansion, the
temperature profile must also be fairly constant. This is required
because of the nonlinear nature of thermal expansion versus temperature
and nonlinearity of the temperature measurement system. Moreover,
temperature dependence of the total sample creep rate may require a
uniform sample temperature.

It has also been shown that accurate measurement of the specimen
temperature in the environment of the cyclotron is difficult; however,
a technique has been described by which the sample resistance can be
utilized to measure and control specimen temperature.

A new modification of a Kelvin bridge was designed to allow
compensation for resistance drift. The bridge is designed to allow two
switchable balance conditions: one at operating temperature, and the
other at ambient temperature. A correction potentiometer is in series
so that it changes the balance condition for the sample by the same
amount on both balance conditions. Thus, by periodically rebalancing
the bridge with the specimen at a constant ambient temperature with the
correction potentiometers, the operating set point is automatically
compensated for resistance drift.

284
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A new phase-insensitive method of detecting the bridge error signal
was presented in Chapter III. It was shown that by detecting the
magnitudes of two bridge signals before taking the difference, the errors
caused by reactances in tﬁe bridge were substantially:reduced. However,
the PID is sensitive to gain drift and linearity in the AC to DC
converters. In'addition, the type of detector influences the transient
response and noise rejection of the PID. The S/N gain for both the peak
and averagé magnitude detector is 3 dB, but for an rms detector, the S/N
gain is dependent on the input S/N. For high input S/N, the S/N gain can
be substantial for an rms detector. Unfortunately, rms detectors with
sufficient accuracy are too slow in response time to be used as the
primary detector. Because of the low sensitivity of the average magnitude
detector to phase shift of distortion products and its fast response, the
average detector was deemed the best choilce.

Chapter IV presented a detailed study of rectifier accuracy
limitations. It was shown that current driving diodes or transistors
resulted in almost perfect rectification. Furthermore, it was shown
that putting diodes or transistors in the feedback path of an opamp
simulated a current source drive. Neglecting frequency respomse
limitations, an approximate analysis of the performance of the rectifier
was made assuming a pilecewise-linear diode model. A more accurate
analysis was completed assuming an exponential diode model via an
iterative technique. It wag shown that for a wide range of input
voltages, the computations converge in one iteration. Thus, it was
poooible to write an expression for the rectifier etrror. This technique

proved much easier to use than the piecewise-linear results besides
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being more accurate. DBoth methods showed an improvement in accuracy
for both peak and average detection with an increase in opamp gain or
input signal. Furthermore, it was shown that the errors were composed
of three terms, a constgnt sca;e factor error, a DC offset error, and
a nonlinear error. At low input voltages, the DC and nonlinear com-
ponents dominate, while at high input voltages, the scalé factor error
dominates. Provided the gain cf the opamp is constant over the
frequency range of interest, the error can substantially be reduced by
nulling the linear error.

To include second order effects such as device capacitance, opamp
slew rate limitations and frequency response, CSMP simulations were
written. These showed that for a given loop gain at the input frequency,
a single pole roll off in the opamp gain can actually improve the
rectifier accuracy because the error signal is shifted in phase with
respect to the output.

Both computer and hand analysis showed thal a transister rcctifier
is potentially superior to a diode rectifier because the output is
proportional (ideally) to the feedback current. Hence a transistor
rectifier's error is that of the feedback current. The diode rectifier
has the same error component in addition to that due to the feedback
voltage. The scale factor error can be reduced substantially by making
the feedback unity for the transistor rectifier.

However, the common base current gain nonlinearity can substantially
reduce the accuracy of a transistor rectifier. It was illustrated that

increasing H choosing a device with a constant H__ versus collector

FE’ FE

current, or using a MOSFET could reduce or eliminate this error. The
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effects of using a Darlington transistor to increase HFE were examined.

In the analysis including transistor capacitances, leakage currents, and
HFE versus collector current, some stfange errors occurred. In a pure
Darlington with no R, the error changed polarity at low input signals or
frequency. However, for moderate to large input signals and for fre;
quencies above 300 Hz, the error for the pure Darlington rectifier was
lower than that for Darlington rectifier with R = 14.7 KQ

Experimental waveforms and measurements were compafed with calculated
results. The most severe error occurred at low input voltages where the
transistor model may not have been accurate. Since the computed polarity
change in errof for the Darlington transistor is due to device capacitance,
error in capacitance values is the likely cause of the error, particularly
since device capacitances (CBE) can be current dependent. Agreement
between measured results and computed results was particularly good for
the diode rectifier. Differences between the delay method and the
differential method were small.

The temperature control system was analyzed approximately by hand
in addition to elaborate CSMP simulation. Agreement of results was
cxccllent. The effects of the filters were a small overshoot in the
temperature when the beam was turned on or off. Actual system perform-
ance proved to be better than predicted since the beam cannot be
manually turned on or off instantaneously. Short term temperature
control (~ 10 sec) was demonstrated to be approximately 0.1l4 to 0.05 °C

with the long term temperature control (~ 10 min) being 0.03 °C.
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II. SUGGESTIONS FOR FURTHER STUDY

Several aspects of the computer simulation of rectifier accuracy
could be improved. The two basic problems with the CSMP simulation were
round off error and excessive execution time. The round off error might
be approached in two ways. First, a signal that closely approaches that
to be integrated could be subtracted from that signal. Thus the computer
would have to integrate a smaller signal to the same absolute error. If
the reference signal's integral is known explicitly, thén it may be
added to the integral of the difference signal resulting in better
overall accuracy and possibly a saving in computer time. A second
approach would be to investigate other numerical integration methods and
incorporate them into the CSMP library wvia the CENTRAL integration routine
in double precision. Furthermore, different computer programs might give
better results (see References 72, 73, and 74 for suggested programs).

In addition, accuracy could be improved by incorporating more exact
models for the rectifying devices.

Effects of temperature profile on the irradiation creep experiment
should be analyzed in more detail. TFurthermore, resistance drift versus

fluence and temperature needs to be studied in greater detail.
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APPENDIX A

COMPUTER PROGRAMS TO FIT POLYNOMIAL EQUATIONS TO SPECIMEN
RESISTANCE AND LENGTH VERSUS TEMPERATURE DATA POINTS
,AND TO CALCULATE PARAMETERS OF THE TEMPERATURE

CONTROL SYSTEM

The following program will fit polynomial equations of the form
Y(X) = g Aj Xj-l to M data points, (X,Y) where NSM<20. Moreover,
the prog;;m also provides a polynomial equation for X(Y). Optionally,
Y(X)/Y(0) and X(Y/Y(0)) may be computed. Usage and description of the

program are given on the next page.
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CURVE FITTING PROGRAM WRITTEN 8Y MICHAEL G. DUNCAN ON JANUARY 2+ 1976

L2222 2222222 2R Rl

PURPOSE
TO FIT a POLYNOMIAL FQUATION OF ORDER LESS THAN M TO M DATA POINTS
ROUTINE GTIVES B8OTH Y(X) AND X(Y).

DESCRIPTION OF PARAMETERS
NTRCHG TS EMPLOYED TO INTERCKANGE X & Y SO AS TO GIVE Y(X) & X(Y).
wWHEN NTRCHG IS le X & Y ARE EQUAL TO THEIR ORIGINAL VALUESs BUT
WHEN NTRCHG IS 29 X & v ARE EGiUAL TO THE ORIGINAL VALUES OF Y & X»
RESPECTTIVELY.
X 1S THF VARIABLE DESCRIRFD PY NAMEX AND NAMEY WHEN NTRCHG IS 1 &
RESPECTIVELY. .
Y IS THE VARIARLE DFESCRIBED 8Y NAMEY & NAMEX WHEN NTRCHG IS 1 & 2
RESPECTIVELY. Y IS & FUNCTICN OF X,
METAL = TYPE OF MFETaAL
M = NUMRER OF DATA POINTS (XsY),
YERROR RMS ERPORS THAT ISe SOROOT(SUM OF ((YCAL = Y) #% 2) / M),
XERRQOR = RMS ERROR3 THAT TSy SQROOT(SUM OF ((XCAL = X) «# 2) / M),
NONDATA = NUMBER OF DaTa SETS.

INSTRUCTIONS FOR USE OF PROGRAM,
ON THE FIRST CARD TYPE THE NUMAER OF DATA SETS IN THE FIRST TWgo
COLUMNS.aAND IN THE THIRD COLUMN TYPFE THF NUMBER 1 IF NORMALIZATION
IS DESIREND. LEAVFE IT QL ANK CTHERWISE. NORMALIZATION W#ILL GIVE
X(Y/Y0) WHERE X(1) = 0. OTHERWISE YU = l. ON THE NEXT DATA CARD
TYPE THF NAME OF THE METAL IN THE FIRST TWENTY COLUMNSs NAMEX IN
THE NEXT TWENTY COLUMNSs NAMEY IN THE FOLLOWING TWENTY COLUMNS,
XSQROR IN THE NFXT NINE COLUMNS,y YERROR IN THE FOLLOWING NINE
COLUMNSs AND THE NUMRER OF DATA POINTS IN THE LAST TWO COLUMNS,
ON THE NEXT CaRD TYPE THE DATA POINTSs (XsY)sIN CONSECUTIVE ORDER
ACROSS THE CARD ALLOWING TEN SPACES PER NUMBER. FOR INSTANCES )
IF M = & THEN ONE DATA CARD WOULND HOLD THE FOLLOWING: X1lsY1leX2y
Y2eX3eY3IeXbeY4e AND THE NEXT CARD WOULD HOLD THE FIFTH DATA POINT.
UP TO TWENTY DATA POINTS CAN BFE HANDLFD wITHOUT PROGRAM MODIFI-
THE METAL ETC. ON THF NEXT CaRD, UP TO 99 DATA SETS CAN BE
HANDLED. )

REMARKS
PROGRAM USES LEAST SGUARE ERKUR CRITERIA.
PROGRAM CALLS SUBROUTINE OGELG TO SOLVE SIMULTANEOUS LINEA
EQUATIONS. :
PRINTS FRROR MESSAGES IF NODATA = 0s M LESS THAN 2 OR GREATER THAN
20, OR X OR Y TDO LARGE FOR A GIVEN M,

BHRBRURBIRR BRI RIREICAIDIRIERRA BRI LG RN OSBERBSRCOORGEBISGRRODG

DIMENSION NAMEX(S)s NAMEY(S)s METAL(S)

DOUBLE PRECISION X(20)s Y(20)y A4(20)9 CONST(20) e YCAL(20),

1 LSGCA(400)s SUMATX(39)s ABSERR(20)s XSTORE(20)s YSTORE(20)9
2 SUMSGs XOes NDSQRT, DARS

READ 1000+ NODATA. NORM
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PRINTS FRRNR MESSAGE IF NODATA =0.
IF (NODATA.EQ.0) PRINT 1010
DO LOOP TO HANDLE NOCATA NUMBER OF DATA SETS.

DO 280 NUMRUN = 1« NODATA
READ 1020y METALs NAMEXs NAMEYs XERRURs YERRORs M

PRINTS ERROR MESSARE IF ¥ GT, 20 4O0Re M oLT. 2.

IF (M GT. 20 ORe M LTe. 2) PRINT 1030
READ 1040y (X(KLM)s Y(KLM)y KLM = 14 M)

THE MAXIMUM QQDFR 0OF THF EQUATICN IS M = 1,

MLS1 = M = ]
MLSIX2 = 2 # wLS]1 + 1
SUMATX (1) = FLOAT (M)

DO LOOP TO INTERCHANGE X & Y SO AS TO GIVE Y(X) & X(Y).
DO 280 NTRCHG = 1y 2
SET UP OF COEFFICIENT MATRIX FOR SUSROUTINE DGELG.

DO 30 ¥ = 24 MLSIX2

SUMATX (K) = 0,0

NOTE THAT THF DO LNOP ON CARD 10 MaY S3F DO 20 OR DO 30 TO aALTER THE
CPU TIME AND FRROR PRINTOUT FFFICTENCY. IF DO 20. CPU TTMF TS FASTER
BUT OVFRFINW MAY TFEUMINATL FXECC|ION BEFORE ERRUR.MESSAGE IS PRINTED.
IF DN THF FRRNR MESSAGE “ILL BE PRINTED BEFORE OR AFTER OVERFLOW.

CPU TIME MAY RE SLIGHTLY LONGER. HOWEVER,

10 DO 30 Ka = 1+ M .
20 SUMATX (%) = SUMATX(K) + X(KA)##(K = 1)

PRINTS WARNING STATEMENT IF SUMATX(X) +GTe 7ETS AND LIMI*S THE
MAXTMUM ORNFR OF THE POLYKNOMIAL TO LFSS THAN M=1 TO PREVENT OVERFLOW.

IF (SUMATX(K) .GT, 7.0E75) COTO 40
30 CONTINUF
MPRIME = M. .
GO TO an -
40 IF (NTRCHG = 1) S50 S0, 60
S0 PRINT 1050
GO TO 70
60 PRINT 1060
TO MPRIME = K / 2
80 MPRLS] = MPRIME = 1

SET UP OF CONSTANT VECTOR FOR SURROUTINE DGELG.

DO 110 JKk = 1y MPRIME

CONST(UK) = 0,0

00 110 LK = 1s M

IF (UK = 1) 30s 90y 100
90 CONST(JK) = Y(LK) + CONSTI(UK)

GO 70 110
100 CONST(JK) = CONST(JK) + Y(LK) & X(LK)®#®(JK = 1)
110 CONTINUF
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DO LOOP TRIES TO FIT LINEAR EQUATION FIRST. IF ERROR IS TOO HIGH, IT
INCREASES THE ORDER OF THE EQUATION UNTIL ERROR REQUIREMENTS ARE MET
OR THE ORDFR REACHES MPRIME - 1.

DO 250 N = 1. MPRLSI1
NPLUS]1 = N + 1}

CONST 1S USED FOR STCRAGE OF CONSTANT VECTOR. A IS SET FQUIVALENT TO
CONST REFORE EXECUTION OF DGELGe DGELG RETURNS RESULTANT VECTOR AS
VECTOR AL

DO 120 UKL = le NPLUSI
A(JKL) = CONST(JUKL)
DO 120 LkKJ = 1l NPLUS]
120 LSQCA((LKJ = 1) # NPLUS1 + JUKL) = SUMATX(LKJ + JUKL = 1)
CALL DGFLG(As LSQCAs NPLUSLls 19 1.,0E-144 TJER)

CALCULATION OF Y(X) AND ERROR TEST,

SUMSE = 0,0
DO 150 IC = 1y M
YCAL(TC) = A(NPLUSIL)
DO 140 LC = 19 N

140 YCAL(IC) = YCAL(IC) # X(IC) + A(NPLUSLI - LC)
ARSERRI(IC) = Y(IC) - YCAL(IC)

150 SUMSQ = SUMSQ + (8ASEYR(IC)) a& 2

CONVERTS SUM SQUARF ERKNA TO RMS ERROR.
SUMSQ = NSART (SUMSQ ./ SUMATX (1))
EXCHANGE OF X AND Y READINGS WHEN NTRCHG = 2.
IF ( NTRCHG = 1) 160s 160 220
X0 = Y(0) WHEN NTRCHG = 1
160 IF (NORM = 1) 170+ 1R0s 170
170 X0 = 1.0
PRINT 108N, METALs NAMEXs NAMEYe (Ls X(L)s Y(L)s YCAL(L)>

1 ABSERR(L)e L = 1o M)
PRINT 1090+« NAMFYs NAMFXs METALs A{(1)s (A(KOUNT+1)s KOUNTs KOUNT =

1 14 N)
PRINT 1100« XO
G0 TO 210
NORMALTZATION OF Y. Y IS DIVIDED BY Y (0).

180 X0 = A(1)
DO 190 MGD = 24 NPLUSI
190 A(MGD) = A(MGD)Y / A(1) .
PRINT 1080+ METALs NAMEXs NAMEYy (Le X(L)e Y(L)eo YCAL(L)
1 ABSERR(L)s L = 1o M)
200 PRINT 1110¢ NAMEYs NAMEXs METALy A(l)s (A(KOUNT+1)9s KOUNTy KOUNT =
1 1s N)
210 PRINT 1120+ SUMSQ
IF (IER .NE. 0) PRINT 1070+ IER
IF (SUMSQ .LE. YERROR) GO TO 270
GO TO 280
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Y(X) IS NOPMALIZED TO Y(X/X0).

220 DO 230 MGN = 2+ NPLUSI

230 A(MGD) = A(MAGD) # (X0 ## (MGD = 1)) ) .
PRINT 1080, METALs NAMEYs NAMEX, (Le X(L)e Y(L)s YCAL(L)
1 ABSERR(L)e L = 1o M)

240 PRINT 1090+ NaMEXy NAMEYe METALe A(l)e (A(KOUNT+1)y KOUNTs KOUNT =
1 1« N)
PRINT 1100+ XO
PRTNT 1120+ SuMSQ
IF (IFR .NF. 0) PRINT 1070, IER
IF (SUMSQ LE. XERRQOR) GU T0 2R0

250 CUNI INUF

PRINT WARNING IF ERRCR REVUIREMENT NOT mMET.

260 PRINT 1130
270 CONTINUF

THIS ROUTINF INTERCHANGES X anD Y,

DO 275 IC = 1+ M
XSTORE(TC) = «(IC)
YSTORF (TIC) = YATC)
Y(IC) = XSTORF (IC)
278 X{(TC) = YSTORE(TC)
280 CONTINUF
1000 FORMAT (I72s T1)
1010 FOIMAT (1H]e ¢ #a8% FROGI @28 NONATA (TrF NUMBER OF DATA SETS) IS S
1IPEGTEIFN aS ZERN.')
1020 FORMAT ( 1586y 2FEG, 24 [2)
1030 FORMAT (1HNe ¢ #%8 FRIOR %48 M 5T, 20 4URe M oLTe 2at)
1040 FORMAT ( “F10.8)
1050 FORMAT (1H1e ¢ ®98% wa=NING #88 Siv OF X## (28#M=]) .GT. TF7S. 4axImuy
1M DRNER OF THE POLYNOMTAL HAS REEN LIMITED oLTe M=1e1)
1060 FORMAT (1H1ae t 83 HAINING w#a SHM OF YH## (2#Ma]l) GT. 7F75. MAXIM
1UM ORNFD OF THE POLYNCMIAL HAS HEFN LIMTITED oLTe M=17) ’
1070 FORMAT (1HOe H0Xe tIFER = ty [3) 4
1080 FORMAT (1Hle «4Xe'DATA POINTS AND RESULTS FOR 'y SA4s //¢ 18X4»
1 L'y BXetX = 1, SA4e 2Ae 'Y = v4 S5a4e L0OXs *YCAL(L)Y's 1SXs
2 'Y(L) = YCAL(L)'s //e (17Xs TP+ 13Xe 1PD13e6s 13Xy 1PD13e6s 13X,
3 1PD13.Ay 13X, 1PD13,54 /7)) '
1050 FORMAT (1HNe 24Xe Saby, ' AS & FUNCTIUN OF 'y Sa4e ¢ FAR 'y S5a4,
} /79 46Xy 'Y = Yo 1PD134€e /o (/9 50Ke ' + (V4 1PN13,.6
2e V) B (X 7 KD) ¥# vy 12)) )
1100 FORMAT (1H04 /4y S4Xe'aHERF XC = %4 1PN13.A)
1110 TORMAT (1HOe PaXe 544, ¥ AS & FUNCTIUN OF 'y SAGs * FOR 'y SAG,
1 /79 43Xe 'Y / (' 1PD13.As ') = 1,0" /s (/e 60Xe * + (1, 1PD13e6
29 V) ® X ®#8 1, I2))
1120 FORMAT (1HOs /o 47Xs PR00T MEAN SQUARE ERROR = 'e 1PF13.6)
1130 FORMAT (1K1, t188% WARNING ##% XERROK OR YERROR REQUIREMENTS HAVE
INOT RFEN MFTY)
STOP
END
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SURRNUTINE DGELG

PURPNSE
TO SOLVE 8 GENERAL SYSTFM OF SIMULTANEOUS LINEAR EWUATIONS,

USAGE
CALL DGELG(RsA+MeNsFPSHIER)

DESCRIPTION OF PARAMETFRS
R - DOURLE PRECISICN M BY N RISGHT HAND SIDF MATRIX
(DESTROYED)« CN RETURN Rk CONTAINS THE SOLUTIONS
OF THE EQUATICNS,

A - NOURBLE PRECISION ™ 3Y M COEFFICIENT MATRIX
(DESTROYED)

M - THE NUMHER OF FQUATIONS IN THE SYSTEM,

N = THE NURER OF RTGHT HAND SIDE VECTORS.

EPS - SINGLF PRECISIQON INPUT CONSTANT WHICH IS USED AS

QELATIVE TOLERANCE FOr TEST ON LOSS OF

SIGNIFICANCE.

IFR - RESULTING ERRCR PARAMETER COODED AS FOLLOWS

TER=0 = N0 ERRNR,

IER==1 =~ NO KESULT SFCAUSE OF ™ LESS THAN 1 OR
PIVOT FLEMENT AT anNY ELIMINATION STEP
ENULL T0 0.

IER=K = w8RNING DUE TO POSSIALE LOSS OF SIGNIfFI-
CANCE INDICATED AT ELIMINATION STEP K+lo
wHERE PIVNT ELEMENT wAS LESS THAN OR
EQJAL TO THE INTERNAL TULERANCE EPS TIMES
A2SOLUTELY GHREATEST ELEMENT OF MATRIX A,

REMARKS
INPUT MATRICES K AND A ARE ASSUMED TO BE STORED COLUMNWISE
IN M&N RESP, M#™ SUCCESSTVE STORAGE LOCATIONS. NN RETURN
SALUTION MATRIX R IS STORED CULUMNWISE TNO.
THE PROCEDURE GIVES RESULTS IF THE NUMHER OF EQUATIONS M IS
GREATER THAN 0 aAND PIVCT ELEMENTS AT ALL ELIMINATION STEPS
APE DIFFERENT FROM 0, FOWEVER wARNING IER=K = IF GIVEN =
INDICATES POSSTHLE LOSS NOF SIGNIFICANCE. IN CASE OF A WwELL
SCALED MATRIX A& AND APPROPRIATE TOLERANCE EPSs IER=K MAY BE
INTERPRETEDN THAT MATRIX & HAS THE RANK K. NO WAONING IS
GIVEN IN CASE WM=1.

SURRQUTINES &ND FUNCTINN SURPROSGRAMS REQUIRED
NONE '

METHNOD

SOLUTION IS DONE BY MEANS OF GAUSS-ELIMINATION wITH
COMPLETE PIVOTInNG,

SUBROUTINE DGELG(RsAeMeNIEPSsIFR)

DIMENSION A{(400)9R(20)
DOURLE PRECISION ReAPIVeTBeTOLIPIVIs DABS
IF(M)23N+230s10
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SEARCH FOR GREATEST ELFEMENT IN MATRIX A
IER=0 )
PIV=0.DN

MM=M#M

NM=N#M

DO 30 L=1sMM

TB=DARS (A (L))

IF(TB=PIV)3030+20

PIV=TR

I=L

CONTINUF

TOL=EPS®#PTV

A(I) IS PIVOT ELEMENT, PIV CCNTAINS THE ABSOLUTE VALUE OF A(ID),

START ELIMINATION LONP
LST=1
DO 170 K=1+M

TEST ON SINGULARITY

IF(PIV)I?P3Na230440

IF(IER)T04S070

IF(PIV=TOL)60+604+70

IER=K=1

PIVI=1.N0/a8 (1)

J=(I=1) /M

I=l-UaM=K

J=J+l=-K

I+K IS ROW-INDEXs JeK COLUMN~-TNDEX OF PIVODT ELEMENT

PIVOT ROW REDUCTION aAND ROW INTERCHANGE IN RIGHT HAND SIDE R
DO 80 L=KoNMeM

LL=L+1

TB=PIVI®#R(LL)

R(LL) =R (L)

R(LY=TR

IS ELIMINATION TEQMINATED
IF(K=M)Q0,180+1R80

COLUMN TNTFRCHAMGE IN MAaTRIX A
LEND=LST+M~-K

IF(J)Y12Nnel204100

TI=J#M

NN 110 | =LST+LEMD

TR=A (L)

Li=L+T1

A(L)Y=A(LL)

A(LL)aTN

ROW INTFRCHANGE AND PIVOT ROw RPEDUCTION IN MATRIX A
DO 130 L=LSTeMMa¥

LL=L+1

TB=PIVI®A(LL)

A(LL)=A(L)

A(L)=T8

SAVE COLUMN INTERCHANGE INFORMATION
A(LST)=J : .



O0O0O0

OO0

140

150

305

ELEMENT REDUCTION AND NEXT PIVOT SEAKCH
PIV=0.D0

LST=LST+1

J=0

PO 160 TT=LST<LEND
PIVI==A(IY)

IST=1T+M

J=Jdel

DO 150 L=ISTsMMeM
LL=L=J
A(L)=A(L)+PIVI®#A(LL)
TB=DARS (A (L))

IF (TB=PTV) 15041504140
PIV=TR

I=L

CONTINUE

" DO 160 L=KsNMsM

160
170

180
190

LL=sL+J :
RLL)Y=R{LL)+PIVI®R(L)
LST=LST+M

END OF FLIMINATION LOOP

BACK SURSTITUTINN ANDN 3ACK INTFRCHANGE
IF(M=1)230+2204190
IST=MM+M

_LST=Me+1

200

210
220

230

DO 210 T1=2«M
I1I=LST=7Y
IST=IST=LST
L=IST=-M
L=A(L)+,5D0

DO 210 JU=ITeNMeM
TR=R (J)

LL=J

DO 200 K=TSTeMMem
LL=LL+1
TR=TB=A(K)#R (LL)
K=J+L

R(J)=R (K}
R(K)=T8

RETURN

ERROR RFTURN
IER==]
RETURN

FND
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The next program takes normalized equations for Rx(T) and L(T), as
. provided by the previous program, to cdmpute the following parameters at
six temperatures: given the resistivity of the sample at T = 0 °C,
Rx(T) and R;(T) for one or two sample thicknesses and a gauge length of
2 cm, the teﬁperature and resistance control for 1 ppm thermal
expansion, the thermal expansion for 0.05 °C temperature control,

due to specimen temperature changes of 0.05 °C and that which

A"
error

causes 1 ppm thermal expansion both with and without beam power, VR
bq

(Verror normalized with respect to heating current) for 0.05 °C tem-
perature change and that which results in 1 ppm thermal expansion, ohmic
heating current and the current monitor voltage (VRx) with and without
beam power, the sample temperature deviations from set point that will
cause Verror and VRx to be 10 V, and the bridge potentiometer settings
(CP). All of the above are calculated for three values of Rg- If a

given parameter cannot be computed for a given condition, the value of

zero is assigned. A sample printout s alsec providaed.
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C IRKADIATION CKFEP TEMPERATURE CONTROL PARAMETER LIMITS PROGRAM WRITTEN
C BY MICKaEL G. DUNCAN ON JANUARY 144 1976,

¢
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PURPOSE

TO FIND PaRAMETFR LIMITS OF SAMPLE TEMPERATURE CONTROL SYSTEM FOR
TREADIATION CREEP EXPERIMENT, PROGRAM FINDS THE FOLLOWING
PARAMETERS AT STX OPERATING TEMPERATURESe WITH AND WITHOUT BEAM
AND FOR 3 AND & MIL SAMPLES: RX AND ITS TEMPERATURE COEFFICIENT,
ROTH EIROK AONITOR VOLTAGES FOR 0.05 C TEMPERATURE ERROR AND THE
TENPERATURE ER?0OR THaT WOULD CAUSE 1 MICROSTRAIN ERROR, TEMPERA-
TURE DEVIATION LIYMITS FURP BOTH ERROR VOLTAGESe HEATING CURRENT AND
ITS MONTITOR VCLTAGE. AND STRAIN ACCURACY FOR 0.05 C TEMPERATURE
CONTROL BCCURACY,  UNITS aRE ¥MKS UNLESS SPECIFIED OTHERWISE.

NESORIPTION OF PARAMETERS

MODATA = NUMBER OF DATA SETS.

RX = SaMB|LF RESTSTANCE.

RS = QTaANDARD RFSISTANCE.

CURR = CHmIC HFATING CURRENT,

VCURR = CURRENY MONITOR VOLTAGE.

SET POIMNT VALUE OF RX = AR # RS # CP,

ATFR # VYCURR = CURR * RS,

RESIST = SAamMPLF RESISTIVITY IN MICROOHMS=-CM,

VEPROR = ®PIDGE ERROR VOLTAGBE MONITOR.

A2 = SCALE FACTOR ON VERROR,

VRX = wX DEVIATION MONITOX VOLTAGE.

NTvaAX = TevPERAURE DEVIATION FROM SETPOINT WITH 10 VOLT ERROR
SIGNBL (VERRQOK OR VRX) DIVIDED 3Y THE TEMPERATURE DERIVATIVE °®
NF THFE ERROR STANAL AT TFYPERATIIRE SET PNOINT.

THICKN = SAMPLF THICKNESS IN MILS.

THICK IS THICKN RQUNDED OFF TUO ONE"DIGIT,.

REAMD = 3FEAM FQWER AaKSNORAED BY SAMPLE.

RX / RX0 = SuUv NF aRX(]) #* TEmP ## (] - 1).

MR = 1 = THE CRDER OF THE POLYNOMIAL EQUATION OF RX,

LENGTH OF SamBLF / LENGTH AT a TEMP OF 0 = SUM OF AT(I) # TEMP ##
(I - 1)0

MT =« 1 = Tw~E CRNER OF THE POLYNOMIAL FQUATION OF SAMPLE LENGTH.
POWER 83SYRMEL RY 2=MmMIL SAMPLE AS A FUNCTION OF TEMPERATURE IS
ATVEN Y THE SyUM OF aP(I) # TEmP #&# (] - 1), i

MP =~ ] = THE CRANER OF THE POLYNOMIAL EQUATION OF POWER,

PwRMAX IS FMPLGYELU TO SET OHRMIC POwWFER TO A CONSTANT FOR TEMPERA-
TURES LESS THAN T4ax, IF PWRMax IS GREATER THAN 0.0 AND TEMP 1S
LFESS TrAN TMaXxe OHMIC POWER = PWRMAX, OTHERWISEs OWMIC POWER IS
SET HY ab,

JSEAGE

ON THE FIRST CATA CARD TYPE AR. AIERe A2+ AND X HEGINNING ON
COLUMNS le 219 619 R ole RESPECTIVELY. ON THE SECOND CARD TYPE -
RS(1)e RS(2)9 A RS(3) BEGINNING IN COLUMNS 1y 219 & 41,
PESPECTIVELY. 13 COLUMNS ARE ALLOWED FOR EACH OF THE ABROVE
CONSTANTS. ON THE THIRD CARD TYPE MP IN THE FIRST TWO COLUMNS.

ON THE FOURTH CARD TYPF AP(I) BEGINNING IN COLUMNS 1y 21s 41, ETC.
13 COLUMNS ARE ALLOWED FOR EACH COEFFICIENT. ON THE NEXT CARD
TYPE PwRMAX AND TMAX BFEGINNING IN COLUMNS 1 AND 21 RESPECTIVLY,
ALLOWING 13 CCLUMNS FOR EACHe THEN ON THE THE FOLLOWING CARD

TYPE THE NUMBER OF DATA SETS IN THE FIRST TwWO COLUMNS. FOR THE
FIRST DATA SET TYPE THE NAME OF THE METAL IN COLUMNS 1 THROUGH 20+
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THE RESISTIVITY OF THE METAL IN THE NEXT 20 COLUMNS, AND MR AND MT
ALLOWING 2 COLUMNS EACH. ON THE NEXT CARD TYPE ARX(I) IN A MANNER
SIMILAR TO aP(l). THEN ON THE NEXT CARD TYPE AT(I) IN A LIKE
MANNER . ON THE FOLLOWING CARD TYPE TEMP (I} IN A SIMILAR MANNER.
TN COLUMNS 1 THROUGH 13 AND 21 THROUGH 33 TYPE ThHE TWO SAMPLE
THICKNESS LIMITS, LEAVE THE CARD RBLANK IF 3 AND S MIL SAMPLE
THICKNESS LIMITS ARE DESIRED. IF THE PARAMETERS FOR A SINGLE
THICKNESS ARE DFSIREDs TYPE A VALUE ONLY FOR THE FTIRST THICKNESS
LIMIT. [IF MORE TH&N ONE DATA SET IS TN BE HANULEDs BEGIN

wITH THE ‘NAME OF THE NEXT METALs ETC. ON THE NEXT CaRD,

MARKS ’ ' '

MAXIMUM TEMPERATURE DEVIATION (PLUS OR MINUS) ARE HASED ON

FRROR VOLTAGE SENSITIVITY AT SFT PQTINT TEMPERORURE., THAT IS THE
THE ERROR VOLTAGE SENSITIVITY IS ASSUMED CONSTANT aT A GIVEN

SET RPOINT TEMPERATURCS SOME ERROAR WILL RESULI UUE 10 THF NONLTNEAR
WELATTION OF RESTISTANCE WITH TEMPERATURE CAUSING VERROR SENSITIVITY
TO0 BE TEMPERATURE DNEPENDENT.

BB H G BN AR BRRIRRRGERRIRRLORBBOORRIROIBBI BRI RODIRIRBDBIRBIOTREDOEY

DOUBLF PRECISION ARX(20)s RS(3)s METAL(S)s AT(20)s aP(20)>

1 RX (69 2)s RATC(696) 9 DAPAND(6)s VCURR(694) s VERROR(69 49 2)
2 CP(he 2)s TENP(A) e RLDW(2)s CURR(644)y DTMAK(646)s TSTRANI(6) s
3 RSTRAN(692)y VRX(642s 2)e DT(2)s THICKNI(2)s AR, AIER, A2y K,
4 DSORT. DARSs POLYe DRVPLYs PWRMAXs TMAX
NDIMENSION THICK(?)

COMMON TEwP

INTEGFS THICK

LOGICAL NEGPWR A :

READ 1100+ ARy AIERe A2y Ke (RS(I)s I = 143)
PT(1) = 0.05

READ 1010, HP

DO 10 T = 14 20

AP(T) = 0.0 '

READ 1000e (8P(T)s I = 1y ™P)

READ 1000, PWRNMBX, TMAX ’

READ 101Us NODATA

DO 280 NUMRUN = 1+ NOvATA

READ 1020y METALe RESISTe MR, MT

DO 20 T = 1+ 20 ‘ : :

ARX(T) = 040

AT(I) = 0.0
READ 1000s C(ARX(IVs I = 19 MR)
READ 10009 ~ (AT(I)s T '= le MT)~

"READ 1000s (TEMP(I)s I = 14 6)

READ 1000+ THICKN

M = MR

IF (M LTe MP) M = MP

IF (M ,LTe MT) M = MT

PRINT 1070 + METAL ‘ .

PRINT 10309 ARy AIFRs A2s Ks (RS(I)s I = 1y 3)
PRINT 1080+ RESIST - '

" PRINT 1065+ PwRMAXs TMAX

30

40

PRINT 1060

NO 30 I = 1, 2 o
THICK (1) = (2 % THICKN(I) + 1) / 2.0
IF ( THICK(2) .FQe 0F ITHIKM =1

1F (THICK (1) EN, 0) GO TO 40 -

60 TQ Ss¢ : -

[THIKM = 27
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THICK(Y) = 35
THICKN (1) =
THICK(?) = 3

THATCKN(Z2)Y = 3,
TEICKN
(I

PIINT 104D«
PRINT 1050,
NO 240 [STH =
NO 110 ITEMP

CALCULATES THERMAL

DAPANN (ITEMP)
NT(2)y = L.0 7/
DXPAND (ITEMP)
TSTRAN(ITE#)
SAMBLE ThHICKNESS
NO 110 ITHICK

RLOW(TTHICK)

309

5.0

0

ARX (1) e M)
1« 3
le A
FXPANSION COEFFTCIENT IN PPM / C.
MTe TITEMP)

AT(I)e AP(I)e I = 1o

= 1.0E6 # DRVPLY (AT,
NXPAND (1TEMP)

= DXPAND (ITEMP)
= DT (2)

IS 5 AND 3 AILS AHEN ITHICK I§ 1 & 2 RESPECTIVLY.
= ls ITHIKM

# 0DT(1)

CALCULATTQON OF BEAY POWER ABSORHBED BY SAMPLF
AEAMP I = AWM POWER AASOKRRKBED oY 3-mMIL SAMDLF.
DEA""D-: = r./.S
REAMP = AP AMP2R THICKN(ITHILK) / 3 0
( MEGPwWR = FALSE,
CALCULATICN OF SavPLE RESISTANCE AND CPe

Pl # RESIST # 1,0E-6/ (042 # 2454 % l.0E-3 ¢

1 THICKN(ITHICK))

RX(ITFwoe TTHICK) = POLY(ARXs MRy ITEMP) # RLOWN(ITHICK)
CPLITEYRs TTHICK) = KA(ITEMP, ITHICK) / (AR # KS(ISTD))
CaLCuULATION OF RESTSTANCE TEMPERATURE COEFFICIENT.

RXTC(TITENMD,
RSTRaAN
IF PX IS5
IF (RA(ITE*P,
l l'_T. 1.':!,-? “
CPITEvP,
CUK2 (TTEMP,
VCURR (JTEMP,
NTMAX(TTEMP,
NDTMAX(TITEMB,
VERROR (TTEMP,
VERROR (ITEMP,
VRX (ITEMP,
VRX(TTEMP,
CURK(TITEMP
VCURRI(ITEMP,
NTMAXK(ITEMR,
VERROR (I TEMP,
VERROR(ITEMR,
0 7O 110
CURR(ITEMPR, T):
RESPECTIVELY,
To CURK{ITEMP,
1F
1K) = PwaMaX /
CURR(ITEMP,
1 ITHICK)

auT

A0

CURR(ITEMP, ITHICK) =

IT=1cK) =
(ITEMP.
OF waNGE

TTHICK) =

ITHICK) = 0
ITHICK) = 0.
ITHICK) = V.
ITHICK +

ITRICKS
ITHICKS
ITHICK
ITHICK + 2) =
ITHICK + 2) =

dUT WITH sEAM ON,
IiwiCR) =
(TEMP (ITEMP)

ITHICK + 2) =

DRVPLY (ARRXeMRs [TEMP) # RLDW(ITHICK)
RXTCUITEMR, ITHICK) #* DT(2)
PROGRAM SETS CONTROL PARAMETERS

ITAICK) =
FOR GIVEN RS
ITHICK) 0Te Uel® KS(ISTD) RX(ITEMPy ITHICK)
RS(ISTD)) GO TO 70

0. 0

«AND.

0
v}
&)
ITHICKY
TTHICK
1) =
2) =
+ 2)

ITHICK + 2y 1
ITHICK + 2

i h oo

0.0
0.0

wHEN [ IS 3 & 49 CURR IS LIKE CURR WITH I =1 & 2

MPy ITEMP) / RX(ITEMPy ITHICK)
PWRMAX ,GTe 040) CURR(ITEMP,

POLY (AP
oLTe TMAX oAND.
RX(ITEMR, ITHICK)
CURR(ITEMP,

ITHIC
ITHICK) = BEAMP/ RX(ITEMP,

DSQRT(CURR(ITEMPSITHICK))

IF TEMP IS NOT ATTAINA3LE WITH BEAM ON BECAUSE THE REQUIRED OHMIC

HEATING PCWER IS
TO ZERO.
TF

GO T0O 39

(CURR(ITEMF,
CURR(TITEMPSITKFICK + 2) =

NFGATIVE, PROGRAM SET THE CORRESPONDING PARAMETERS

ITHICK + 2) JLE. 0.0)

OSQRT(CURR(ITEMP,

GO0 TO 80
ITHICK + 2))
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B CURR(ITEMPe ITHICK + 2) = le0
NEGPWE = ,TRUE. ,

90 VCURR(ITEMP, ITHICK)= RS(ISTD) ¢ CURR(ITFEMP, ITHICK) / AIER
VCURR(ITEMP, ITHICK + 2) = RS(ISTD) # CURR(ITEMP, ITHICK + 2) /
1 al€ER ' :
NO 100 [2 = 1y ? ,

VERRDR (ITFMPe Iy TP2): WHEN I = 3 & 49VERROR IS LIKE THE CASE WHERE

I = 1 & 2+ BUT WITH BEAM OiNe WHEN I2 = 14 DT = 0.05Cs BUT WITH

12 = 24 DT IS THAT WAICH RESULTS IN 1 MICROSTRAIN ERROR. )
VERROR(ITEMPs ITHICKs 12) = RATC(ITEMP, ITHICK) ® DT(I2) # CURR(IT
1FMP, TTHICK) / ((1.0 ¢+ AR # CP(ITEMPs ITHICK)) % a2)
VERROR(ITEMP, ITHICK + 2+ I2) = RXTC(ITEMP, ITHICK) # DT(I2) # CUR
IR(TTEMP, ITHICK + 2) / ((1le0 + AR # CP{ITEMP, ITHICK)) = A2)

100 VRX(ITEMPs ITRICK 4 12) = VERROR(ITEMP, ITHICKs 12) /
1 (VCURR(ITFMP,s TTHICK) # K) o

DTMAX 1S THF MaxIwmliM DEVIATIONM OF TEMPCRATURLs T:HI8% OCCURS WHEN THE

VOLTAGE TS PLUS CR MINJS TEN VOLTS, .
DTIMAX(ITEMP, ITHICKX) = DABS(0.500 / VERROR(ITEMP<ITHICKs 1))
DTMAX(ITEMPe ITHICK + 2) = DAAS(0.500 / VERROR(ITEMPSITHICK+241))
NTMAX(TTENMPy ITHICK + 4) = DABS(0.500 7 VRX(ITEMPe ITHICKs 1))
IF (NFGPar) GC T0O AD ,

110 CONTINUE
PRINT 1090e METALs RS(ISTU)
PRINT 1410
PRINT 110U TEWP
PRINT 1310
NO 115 I = 1+ ITHIKM
ORINT 1110« THIMK(I)

115 PRINT 1120« (RX(ISTEP, I)s ISTEP = 1y &)
PRINT 1310 -
NO 120 I = 19 TTHIXM
PRINT 1130 o THICK(I)

120 PRINT 1120« (CPUISTEPsI)s ISTEP = 1y 6)
PRINT 1310
NO 130 I - 1l ITHIKM
PRIMT 1140+ THICKI(I)

130 PRINT 1120« (RXTC(ISTEPs I)e ISTEP = 1, A)
PRINT 1310
PO 140 I = 1s ITHIKM
PRINT 1240¢ THKICK(I)

140 PRINT 1129+ (RSTRAN(TSTEPs T1ys ISTER
PRINT 1310
PRINT 1230,
PRINT 11209 TSTRAN
PRTNT 1310

i

1y 6)

PRINT 1250

PRINT 1120+ DXPAND
PRINT 1310

a0 150 T - 19 ITHIRM
PRINT 1150 s TAICK(ID)

150 PRINT 1120 (VERROR(ISTEPs Is 1)e ISTEP = 1y 6)
PRINT 1310 :
NG 160 1 = 19 1THIXKHA
PRINT 1270 THICK(I)

1429 PRAINT 12U (VERRJUR(ISTEPs 1 ¢ 24 1)y ISTEP = 1o 6)
PRINT 1310
NY 170 1T = 1o TTHIK™M
PRINT 115%0Ce TRICK(I)

170 PRINT 1120y (VFRROQA(ISTEPs Ie 2)9 ISTEP = 1o o)
PRINT 1310
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NO 140 [ = lo ITHEXM
ORINT 1¢490e THICK(T)
140 PRINT 1120+ (VFQROI(ISTEPs I + 24 2)s ISTEP = 1, 6)
PRINT 1310
M) 190 [ = 1e ITHIKM
PRINT 1290« TRICKI(I) . .
196G PRINT 1129+ (VEX(ISTEP, Is 1)s ISTEP

= le¢ 6)
PRINT 131y
Ny 200 1T = e 1ITHIK:A
. PRINT 1240« TrRICK(T)
200 PRINT 1120« (VEX([STFre Lo 2)0 ISTEP = 14 5)

PRINT 1310
DO 2107 1 = 1o TTHIK™
- PHINT 1170« T=IrK(I)
2110 PHINT 1120 (CURR(TSTEPs [)e 1STEP = 1le %)
ORTT 1310
N 220 [ = le TThIXM
DEINT 1149« THICK(ID) .
2720 PHINT 1120s (CUSR(ISTEDs I + 2), ISTEP = 1s 6)
pHIi\»T ljlll .
NO 230 1 = le TTHIXH
ORINT 119U THICK (1)
239 PRINT 1120s (VCHRA(ISTEPs I)s ISTEP = 19 6)
PRINT 1310 . :
NO 260 T = 1y TTHIKH
PDRINT 1200« TRICK(T) ‘ ‘
240 PRIINT 112G« (VCHURR(ISTEPs 1 + 2)s ISTEP = 14 6)
PRINT 13190
DO 250 T = le TTHIKM -
PRINT 1210« THICK(I)
250 PRINT 1179« (CTMAaX(ISTEPs I)s ISTEF = 14+ 6)
PRINT 131y
DO ¢60 1 = 1y ITHIKM
PRINT 1220 TEICK(I)
2-0 PRINT 1120 (CTMAX(ISTERs I + 2)4 ISTED
ORI«T 1319
NO 270 T = 19 TTHIKM
ORTNT 1300 TRICK(T) _
270 PRINT 112U+ (BTMAX(ISTEPe I + 4)¢ ISTEP
230 CONTINUF )
1000 FORMAT (4(F13a11y 7X))
1010 FORMAT (I¢&)
107270 FOFMAT (58644 F13.,11e 7xy 212)
1030 FORMAT (1lHDe 20X, * AR = *e¢1PD13.6s  10H ATER = 4 1PD13.6+s
1 10H A2 = « 1PD13.K o+ 10R K = 9 1PD13,64//+423X314HX1 R
2S (OHMS) = 4 1PD13.6s 17H X2 RS (OHMS) = + 1PD13.6¢ 17H X4 R
3% (OHMS) = 4 1PN13.6)
1040 FORMAT (1HO, 45X, (1PSD20,64 /7))
1050 FORMAT (1HO0s /¢ 30Xs 70MI ARX (1) AT
1(I) . AP (1) s //s (29Xs 124 10Xe1P3D20469/7))
1060 FORMAT (1HO0s /s SS5Xy ?'SAMPLE THICKNESS LIMITS (MILS)")
1065 FOQMAT - (1M0,s 43X; *PWHMAX = "5 1PD13,6y TXAs 'TMAX = ¢y 1PD13.6)
1070 FORMAT (1Hls 15Xs 'INPUT DATA UTILIZED TO CALCULATE IRRADIATION TE
IMPERATURE CONTRNAL PARAMETER LIMITS FOR ', 544)
10R0 FORMAT (1HO, 43X, *SAMPLE RESISTIVITY (MICROOHM=CM) = ¢, 1PFE]13,6)
1090 FORMAT (lHls S(/)s 10Xe 'IRRADIATION CREEP TEMPERATURE CONTROL SYS
1TEM PARAMETER LTIMITS FOR 'e Sa4y ' WITH RS = ' 1PD13.66 ' OHMS?,
2 /N ' )
1100 FORMAT (1H « 'PARAMETERS'!y 18Xy Ity 46Xy *TEMPFRATURE (C) 'y /o«
1 26Xy tI'y /o 23Xe 1%, 1Xe 6(F10e3e TX)s /9o 23Xs "I's /9 1Xy 28H(!
1-%)s *Tte 103(t=r))

1y 6)

1s 6)
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1110 FOKRMAT (' BX (0O4MS) FOR 'y 119 *=MIL SAMPLE 1)

1120 FORMAT (lne+y 28Xy 1PAULT 46y /9 29Xy '11)

1130 FORMAT (Y CP FOR 'e Ile ¢ MIL SAMPLE -~ = I%)

1140 FORMAT ( ' RESISTIVE TEMP COEFFICIENMT I's /s ' FOR %y Ils t=MIL S
LAMPLE (OHMS / C) ') S

1150 FORMAT ( ' VEKRNR DUE TO T CHANGE CF I's /9 ' 0.05C FOR ty Ils !
1-MIL SamMPLF I's /e v WITHOUT HEAM {VOLTS) 1)

1160 FORMAT | ' VERKOR DUE TO TEMP, CHANGE Ity /. ' FQUIV, TO 1
1-MICROSTRAIN FQOP Ite /4 1Xs Il '=MIL SAMPLE WITHOUT BEAM(V)I')

1170 FORMAT ( ¢ CUSRENT WITH NO HEAM FOR A I'e /9 1Ky Ils *=MIL SAMPL

1€ (AMPS) 1)
11530 FORMAT (' CUKRFNT WITk 15 MICROAMP I /9 ' BEAM FQOR 'y Ils 0=
IMIL SAMELE (AMPS) V)
119G FO#RMAT ( ¢t VCUR WITH NO BEAM FUR A Itse /79 1Xe Il v=MIL SAMPL
1F (VOLTS) 1) ’
1200 FORMAT ( * VCLRR WITH 15 MICROAMP HEAM Ity /4 ' FOR A vy Ils *=MIL
1 SAMPLE (VOLTS) 1) '
1210 FORMAT (¢ oax, TEMP DEVIATION FROM™ I%y /9 * VERROR WITH 4y Il
1*=MIL SapMPLE T's /o ¢ WITHOUT bBEAM (C) I)
1220 FORMAT ( * Max, TEMP DEVIATION FROM I's /9 ' VERROR WITH 'e Ily
19=MIL SAMPLE 1%« /9 * AND 15 MICRUAMP BEAM (C) 1)
1230 FORMAT( * TEMP CONTROL NEEDED FOR I'y /7 o ' IMICROSTRAI
1IN ACCURACY  (C) 1%
1249 FORMAT ( ' RX CONTROL NEFDED FOR I'y /o ' 1IMICROSTRAIN ACCUR
18CY FOR T's /e 1Xs Ile t=MIL SAMPLE ’ (UHMS) I

1250 FORMAT (* STRAIN ACCURACY FOR 0.05 C I's /s ' CONTROL ACCURACY (U

1STRAIN) [') : : !

12A0 FORMAT ( ' VRX NDUE TO TEMP, CHANGE OF I'y /e ' .05 C FOR %y Il ¢
1-MIL SAMPLE (v) Iv)

1270 FNRMAT ( * VERRNR DUE TO T CHANGE OF I's 79 ' 0405C FOR 1y Ily ¢

1=MT1 SAMPIF WITH Tre /e ' 1959 MICROAOMP RFAM (VoL TS) 1) .
1280 FORMAT ( * VRX NUE TO TEMP,., CHANGE I /9 ' EQUIV. TO 1-MICROS
1TRAIN FOR I'y /e 1Xe Ile *'=MIL SAMPLE (V) Iv)

1290 FORMAT ( ' VERROR DUE TO TEMP. CHANGE I'y /s ' EQUIV. TO 1=-MICROS
1TRAIN FQR Tty /o 1Xs Ils *'=MIL SAMPLE « 15UA 8BEAM (V)Iv) ,

1300 FORMAT ( * sax, TEMP DEVIATION FROM I's /9 ' VRX FOR 'y Jle v=M
1TL SAMPLE (C) IY)

1310 FORMAT(1IH o 2B('=%)y *'T%, 103(0=t)y /4 29Xy 'I")
STOP o ' : )
END

FUNCTION POLY(As Ms )

NOUBLE PRECISION A(20)e TEMP(6)s POLY

COMMON TEMP

POLY = A (M)

MLS1 = M = 1

DO 10 IPOLY = le MLSI
10 POLY = POLY # TEMP(1l) + A(M « IPOLY)

RETURN

FEND :
FUNCTION DRVPLY(As My 1) ) —

NOURBLE PRECISION A(20)+s TEMP(6)+ DRVPLY

COMMON TEMP :

DRVPLY = 8(M) # FLOAT(M=1)

1 (M (Lke 2) 50 10 2U

MLE?2 = m = 2 .

NO 10 IVERIV = 1, MLSZ . . )
10 DRVPLY = DRVPLY # TEMP(I) + A(M = IDERIV) # FLUOAT(M - 1- IDERIV)
20 CONTINUE

RETURN

ENR



TNPUT DATA UTILIZZD TH CALCULATE IRRADIATION TEMPERATURE CONTROL PARAMETER LIMITS FOR 316 STAINLESS STEEL
4R = "2.000000D-02 ATER = 3,294000D=01 A2 =-8.9800000-03 K = 1.0000000-01
X1 RS (0AMS5) = 4.0000000-02 ~ X2 RS (OHMS) = 8,000000p-02 X4 RS (OHMS) = 1.6000000-01
' SAMPLE RESISTIVITY (MICROOHM=CM) = 7.400000€ 01

PWRMAX = 1.,000000D-02 TMAX = 5,0000000 0!

SAMPLF THICKNESS LIMITS (MILS)

3.0000000 00 OfO
I ’ ArX (1) ) AT (1) ': . AP(I)
1 ) 1.0000000 00 . 1.0000000 00 1.039113D0 00
2 1.019505D-03 1.540559D-05 1.994726D-02
3‘ 1 - =4,5192600~07 5.,673796D-09 1,245214D~-05

4 0.0 0.0 - -3,370553D=-09

€T1€
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TABLE 4

TRRANTATION CHEFEP TEwwF aTLPF CUNTRUL SYSTE™ PARAMETER LIMITS FOR 316 STAINLESS STEEL WwITH RS = 3,.000000n=-02 ONMS
TEMPERATURE (C)
150.0n00 300,000 500.000 700.000
F.9721150-02 1,1097640-01 1.2286500-01 1.3564440-01 1.449127D-01

CP FOR 3 MIL SaMPLE

Pt

BESICTIVE TyMD CNEEC[rIEnT |
FOR 3-MIL S&MPLE (UAMS / C) |
: cd

RX CONTROL NEFDEDH Fok
1S [CRUSIHEIN ACUIHALTY FER
3=MIL SAMPLE (0MMS)

b.0495610 01

622325720 01

o,9360240 01

7.6790630 01

B8,4777730 01 9.0570430 01

Y.9N01000=-0>

5.5119190-05

TEMP CONTROL NFFNEN FOR

IMICROSTRAIN 8CCURACY (C)

CONTROL ACCURECY {USTRAIN)

Y.h666900-05 8.584066Nn-05 T.2674320-05 3.7564070-05
641535400-06 5.0176540-06 3.8636270-06 2.6148390-06 1,608815D=08
©.3661350-02 5.3163590-02 4.7439710-02 4,2028560D-02

5.845311D-02

7.850560-01

3.553864n-01

9.4049330-01

1.0539690 00 1,167445D 00

VERROR DUE TO T CHaNGF OF
0.05C FOR 3-MIL SAaMPLF

WITHOUT AFaNM (VOLT3)

I
1
1
1
1
I
I
I
1
I
t
i
STRAIN ACCURALY FOR 0,05 C H
1
1
I
1
I
1
i
I
1
3
1

VERROR DUE TO T CHANGE CF

0.05C FOR J-MIL SAMPLE WIThM |

18 MICROAMP AFAM (VvoLTSY 1
I

7.508069740-05

=1,2462810-03

=1.29187840-03

=1.1444020-03 -B.7F50060-06

.

1
VERROR DUE TO TEMP. CMANGE |
SOUIY, TO J-uICROETON N F00
3=VIL SAMPLE WITHOUT RWEamM(V)]
I

-1.0373200-0%

=7.530634D-04

=-1.0503180-03

-1.0240920-03  -8,109162D-0¢

¥.6599420-05

=1.4569800-03

-1.3736180-03

=1.0858020-03 =T.4765020=-04

1
VERROR OUE TO TEMP. CHANGE |
EGUIV, TO 1-HICROSTRAIN FOR I
J«MIL SAMPLE + 1SUA AFaM (v [

i

0.0

=8,803780N-00

=1.1167730=03

SV TIALZYD-04 -6,94560760-04

R

1
CHANGE OF |
tv)

VAX DUE TO TEWP,
«05 C FOR =ML SAMPLE

9.R649720-0%

~8,26418600-03

-6.5703880-03

~4.6879390-03 ~3.0632040-03

VRAX DUE TGO TEMP, CHANGE
EQUIV, TO 1-MICROSTRAIN FOY
I=MIL SAMPLF )

1.2560350-02

-¥.6375860~03

~6.986108D-03

“4.447890D-03 =2+6238530-03

CURRENT WITHM NN REam FOR 2

J-MIL SAMPLE (aMPS) 3.2089410~01 . 34166696D-01 6.2247070 00 8.0958820 00 1.0051480 01 1.1732550 01
CURRENT WITH 15 MICROAUP 1 .
BEAM FOR 3-MIL SAMPLE (AMPS)§ 0.0 9.0 3.7612700 00 6.5820820 00 8.9947830 00 1.0900180 01
1
. 1 .
) i
VCURR WITM NN RFAM FOR & T
J-MIL SAMPLE (VOLTS) 1 1.7934210=0¢ 1890822002 1.31178%0 wv 1.Yb82130 U0 2.4411810 00 2,8494370 00
1
LS EE LT
{
VCURR WITH 1S MICROaMP REaV |
FOR & 3=MIL SaMPLE (VOLTS) | 0.0 '] ¥.134839n-01 1.5985630 00 2.1845250 00 2.6472810 00
. I
-1 -——— —avme vvma
I
MaX, TEMP DEVIATION FRO~ 1
VERRQR WITH 3-MIL SaMPLE ]
MITHOUT REAM ({4] 1 6.2576130 03 6.5902420 03 4,011937n 02 3.8703340 02 4.3690960 02 5.728423D 02
t
-1
1
#aX, TEMP DEVIATION FOOW 1
VERROR WITH 3-MIL SaMPLE 1
AND 15 MICROAMP REam  (C) 1 0.0 ¢.0 2.6395480 02 4.7604640 02 4.8423730 02 6,1658650 02
§
B R T ‘
, . !
Max, TEMP DEVIATION FROQW t
VRX FOR 3-MIL SAMPLE  (C) | 5.06b4340 01 040631200 01 7.6099000 01 1.0665670 02 1.6322760 @2

4,4763210 0l




APPENDIX B

DERIVATION OF KELVIN BRIDGE ERRORS DUE TO

STRAY RESISTANCE AND CAPACITANCE

The circuit used to compute bridge voltages is shown in Figure 18
on page 73. Simplification of this circuit can be accomplished using
"equivalent Thevenin voltage sources. As shown in Figure 68(a), the

equivalent voltage sources at nodes 1 through 4 are

V1 = ch - vg/z s
V2 = ch - Vg (1/2 - Rx/Rz) s ’ . (253)
Vi = Ven * Vg (1/2 - R/Rp)
and
V4 = ch + Vg/2 s
where Rz = Rx + Ry + Rs' The Thevenen equivalent resistances are
R1 =0,
R, = R IR, + R, (254)
R3 = (Rx"" R}’)HRS ’
and
R4 =0

315
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ORNL-DWG 76 —-19167

Rg Z4

23 Rb
— MW W

22 Ra,
T —w—ie
Cs TTVS VRT

(b) Further simplification.

- Figure 68. Simplification of bridge circuit,
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As shown in Figure 68(b), the circuit may be simplified further by
equivalent Thevenin voltage sources at nodes 1° through 4 where the

open—-circuit Thevenin voltages are

v e 1
. ’
1 1+ TA jw
V2
V2T T e (253)
a
v; = '3
’
3 1+ Tb jw
and
.V’ _ V4
4 1+ TB jw

and the Thevenin impedancés are

Z: = rA/(l + TA jw) ,
| 7 = (R2.+ ré)/(l + ia Jw) , , (256)

Z3 = Ry + 1))/ + T, ju) ,

and

Z4 = rB/(l + T, jw) ,
where TA, TB’ Ta’ and Tb are r, CA’ Ty CB’ (R2 + ra) Ca’ and (R3 + rb) Cb'
From this equivalent circuit, VR and VS are shown to be given by the

following expressions:
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(R.B + Zz:) »Vi + (RA + Zi) VZ,
R R, +2; + Ry + )0 + ((R, + ZD TRy + 2;))Cpiw)

and (257)

(Rb+Z3)V2+(R +z)v
Vs =(R +2; + R +2) 1 + (R, +zz)[|(nb+z3))c jw) :

VA is given by

v, = 'R il : zA i X : . (258)
At i -

The expressions derived here may be used to compute the performance
of both the PSD and PID. Further simplification of the above equations
are difficult to obtain without making approximations. One useful

approximation is that +Z7, R, + 22, + 22, and R_ + Z] are +r_,
4> TA 1 3 a 2 B

R + Tyo RB + R + rb. and R + Rz +-ra? respectively. This asgumption causes

approximately 0.001l ppm error in the phase of VR and V, at 1 KHz for the

S

component values shown in Figure 18 on page 73 while simplifying the

computations significantly.
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Py T g g R g Ty Y Y R Ty Y Y Ry T 2]
SIMULATION GF PRECISION RECTIFIER BY NELAY METHOD

PARAMETERS

FINPUT = FREQUENCY IN HERTZ OF THE INPUT SIGNAL
TIMEF = THE PERIOD OF THE INPUT SIGNAL

VINPK = NEGATIVE PEAK INPUT VOLTAGE

a0L = OPEN-LOOP OPAMP VOLTAGE GAIN AT LOW FREQUENCIES
GEBWP = THE GAIN-BANDWIDTH PRODUCT OF THE OPAMP

SR = SLEwW RATE OF OPAMP IN VOLTS / MICROSEC

TOL = DOMINENT POLE TIME CONSTANT OF OPAMP

PHASE = NCMINAL PHASE SHIFT OF PRECISION RECTIFIER
VT, VT2, IS1e AND IS2 ARE PARAMETERS USED TO MODEL
THFE PN JUNCTIONS OF DIODES D1 AND D2 RESPECTIVELY

VARTABLES
VF = VOLTAGE AT INVERTING INPUT OF OPAMP
VO = OUTPUT VOLTAGE OF OPAMP
VR]1 = VOLTAGE AT NODE WHICH JUOINS R1 AND D1
VR2 = VOLTAGE AT NODE WHICH .JOINS R2 AND D2
VRIRF = VR1 REFERRED TO THE INPUT
VERORA = PFRCENT ERROR OF VOA
VERORT = PFRCENT ERROR OF VRIRF AS A FUNCTION OF TIME
VOA = AVERAGE VALUE OF VRI1RF
IF1 aND IF2 ARE THE CURRENTS THROUGH D1 AND D2

RESPECTIVFLY

VIF1IRF = [F] REFERRED TO THE INPUT
TERORA = PFRCENT ERROR OF IOA
1ERORT = PERCENT ERROR OF VIFIRF AS A FUNCTION OF TIME

10A = AVERAGE VALUE OF VIFI1RF

DELVIF = INA - VIFIRF
VOIDEL = OUTPUT OF IDEAL HALF-WAVE RECTIFIER
VOIDLA = AVERAGE VALUE OF VOIDEL

L N S BE BE I IR 2R IE I BN BN BE NN N R AR BN IR IR NI IR R IR BN N EE RN

P Y Y Yy Y YT AL 2 LY L
#*
INITIAL
# INPUT PARAMETFRS
PARAMETER FINPUT = 1+0E3s PHASEI = 0,0¢ VINPK = -0.10E6
# INITIAL CONCITIONS

10AIC = 0.0
# DIODE PARAMETFRS
PARAMETER VT]l = 26.0E3, VT2
PARAMETER IS1 = 1,0E-S5s IS2
PARAMETER TDELAY = 0.lE-6
# RESISTANCE PARAMETERS
PARAMETER R1 = 2.0E3¢ R2 = 0.0 + R3 = 2,0E3
#  QOPAMP PARAMETERS '
PARAMETER AOL = 2,0ES, GBWP = 1,0E6
PARAMETER SRRISE = 70.0E6s SRFALL = T0.0E6

26.0E3
1.05-5
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TwOP] = £,7R3185308
OvMEGAT = TWOPI # FINPUT
TIMEF = 1.0 7/ FINPUT
TOL = AOL 7/ (TWOPI # GBwWP)
NOSGRT .
IF (VFIC +FQ. 0.0 oAND. VOIC .EQ. 0.0) GO TO 1010
GG TO 1070
# ITERATION LCOP TO FIND INITIAL CONDITIONS OF vO AND IF2

1010 TF2IC1 = ~1,0f~1
NC 1000 I = 1s S0
FCL = (ACL # R3 /7 (R3 ¢+ R2 = VT2 7 TF2IC1l) ¢+ 1.0) /aeo
(TOL # TwOPI)
PHASE ATAN(=FINPUT / FCL) + PHASET

IF2IC -SIN(PHASE) # VINPK / R3
CNVRG ARS(IF2IC / IF2IC1l - 1.0)
TF (CNVRG .LT. 1.0E-3) GO TO 1001
1000 IF2IC1 = (IF2IC1 + IF2IC) / 2.0
1001 VQIC = =-vT2 #* ALOG(1.0 - IF2IC 7 1S2)
VFIC = R3 # (IF2IC =--1IS1) '
G0 TO 1030 )
1020 IF2IC = IS1 + VFIC / R3 ' :
PHASE = ~ATAN(l. / SQRT(=1. + (VINPK/(R3®IF2IC))#a2))
1030 VIFRFI = IF2IC # R3
VFPIC VFIC - VOIC

SORT
SLEWR SRRISF #-TOL / AOL
SLEWF SRFALL & TOL 7/ AOL
VOIDLA = ~VINPK # 2.0 / TwWOPI
DYNAMIC
VIN]l = SINFE(0.09 OMEGAIs PHASEI)
VIN = VIN] # VINPK
OPAMP MODEL :
FOR SLEw-RATE LIMITs REMOVE # FROM COL. 1 OF V1 = LIMIT
eee CARD ANC INSERT # IN COL. 1 OF V1 = VF CARD
vl LIMIT(-SLEWKs SLEWFs VF)
vl VF .
ve -AOL = V1
Vo REALPL(VOICs TOLe V2)
VF VIN + (iF1 + IF2) # R3
VRl = VF + IF]1 # R}
VR2 = yF « IF2 # R?
# DNIODE FEFDBACK MODEL
UlP = (V0O = VR]1) 7 VT1
IF1P = IS]1 # (EXP(UIP) = 1.0)
IF1 = REALPL(=-IS1ls TDELAY, IF1P)
U2P = (VR2 = VO0O) s/ VT2 '
IF2P = =1S2 # (EXP(U2P) - 1.0)
IF2 REALPL(IF2ICs TDELAYs IF2P)
NOSORT :
#  PERCENT ERROR CALCULATIONS
# CMIT VR]IRFe VNTe VOAs AND VERORA WHEN Rl = 0.0

& % % %
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VAT = VRIRF / TIMEF

VRIRF = VRl # R3 / Rl

VIND = SINE(0.0s OMEGAIs» PHASE)
VINDLY = VINPK # VIND
IF(VINDLY) 49 54 S

4 VCIDEL = =VINDLY
GC TO 6

5 VOIDEL = 0.0

6 CONTINUE

SORT

VoA = INTGRL(0.0s VOT)
VIFIRF = IF] # R3 )

VIFIRT = VIFIRF / TIMEF T
10A = INTGRL(TOAICs VIFIRT)

IFRORT = (VIF1RF - VOIDEL) # 100.,0 7 -VOIODLA
VERORT = (VRIRF - VOIDEL) ¢ 100.0 7 VOIDLA
DELVIF = [0OA - VOIDLA : .
TFRORA = NDELVIF # 100.,0 7/ vOIDLA

VERORA = (VOA - VOIDLA) * 100.0 7/ VvOIDLA

PRINT VOIDELsVIFIRF+IERORT«IERORASDELVIFsVOsVFsVERORT s VERORA
QUTPUT VERORTs VOIDELs VRIRF ’
OUTPUT TERORTs VOINDELs VIFI1RF

OUTPUT v0Os VF

METHOD STIFF '

TIMER FINTIM = 1.0E-3+s PRDEL = S5.0E~6s QUTDEL = 10.0E~6
ARSERR V0=2.69IF1=1.5E-29IF26=1.5E-2910A=3.,0E1+V0A=3,0E1
END

STOP
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XY R R RN R E-F R PR VR R R L R - RRVE-RVE-RUE- R R R AR R R A AR SRR A R R 4 2

SIMULATION OF PReCIdlun <eClitlER oY OIFFerenT AL
EQUATION Mc Thuy

PARAMETERS

FINPUT = FrewJuiMCY IN nExTZ CF Tde Inrul SIonNAL

TIMEF = Tme PexIn UF Tne INPUT SIoNaL

VINPK = Nevallve Poak Inreul vOLTASE

AOL = OPEN-LOOF UFAMP vuLTAGE GALEN Al LOw FREYLUENCIES

GRAP = THF gal«=gawuxluln P“rUDYUCT uF TAE dPrami

SR = SLFw ~als 9F ubPamrk (N vOLTS /7 MICROSDEC

TOL = onNMINENT PuLe TIME CunsTANT OF UPAMKE

PHASE = WUl vaiL PRASE 5efFl CF PxECIsIun RECTLFIER

VTe VT2e Inle aMv 152 ame rARAMETERS USEV TO MOuEL
THE PN UunNCi10ws OF uluoed L1 AN L2 RESPECTIVELY

VARTAALES

VF = VULTAGE ol Inve&TinNs INFUT OF UrPampk

VO = QUTPUT VULTACE OF yramap

VR]1 = VUNLTAGE AT AVUUE ~nlCa CUCINS =1 AND UL

VR2 = vnLTaGE AT ROUE wmlC $2InNS Re AND D¢

VRIRF = VR] wreFErwtu Tu Tre ianPul

VERCRA = PERCENT ERrOw Ub VOUA

VERORT = PERCENT ExxQnr OF VKIRF AS A FUNCTION OF TIME

VOA = AVERAGE vaLut OF velwF

IF1 AND IFZ AwE T+E CURKRENTS THRrROUGA D1 anNU UZ
RESPECTIVELT '

VIFIRF = [Fl ReFoRRED TO TAE INwUT
IERORA = PEKCENT FxkQr UF [UA
IERORT = PERCENT ExkGR OF VIFIRF AS A FU~nCTiun OF TIME

10a = AVERAGE vALuZ OF VIFIRF

DELVIF [Ua = VifFlwF

VOIDEL = OuTRPul OF Iveal AalfF-wavfi weCTIFIer
VOTIDLA = avExaot vALUY OF vuluEL

% & & % % % 2 % s GG % & s &% SR G % SO B S G0 C B X E XSG

X I I I R RN RS TR R R R RSV R -2 - R R R N-2-R-RE-2-R-E- -2 R X-E-2-L - X-2- 231

L]

INITIAL

®  INPUT PARAME TER>

PARAMETER FINPUT = j.0rF3e PraSel = Usus VINPA = «U.]ED

b INITIAL COUNDITIULS

' INATC = Vb

# DIODE PARAMETERS

PARAMETER VTl = cCo.uE3s Vig

PARAMETER ISl = l.ue=5¢ 15¢

PARAMETER TNELAY = Uelb=b

® RESISTANCE PArAMETERS

PARAMETER R] = ZeUESy HZ = CeUE3s 3 = 2403

@  OPAMP PARAMETEKDS> .

PARAMETER AOL = Z.0c5He GHBwP = [.UEE

PARAMETER SRRISIL = f0.UEos “xFalL = T0:.0E6
TWwOPI = b.¢83185300

i u
—
. N
<
m
u:
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OMEGAT = Twx0pP | % FlnPul

TIMEF = 1.0 s FinFur

TOL = ANL 7 (TaDP] % caar)
NOSCRT

IF (VFIC otude UelU oamije vOIC oFEuwe VeU) GO TU 101V

GO TU 1024
# ITERATION LOOP Ty rFiNv InllainL CONDITIONS UF vO ANUL IFZ
1010 IF2IC1 = =l.oe=1 .

DO 1000 I = 1« Sv

FCL = (AOL ®* R3 7/ (K2 + re = vT2 7 1F2ICL) + 140) /e
(TOL # TWOPI) ] .
PHASE ATAN(=-FINPJT / FCL) + PrASEL

IF2IC “SIN(PHASE) % vInkK 7/ RJ

CNVRG = aRSILIVEIL ¢ IFelCl - 1.0

IF (CNVRG .LT. le.0E=~3) GU TO 1001

LUUU  IFZ2IC1 = (IFZICY1 + 1F21C) / 2.0

1001 VOIC = =VTZ #* al05(lev - IF21C / 152}
VFIC = P3 = ([r21C = [s5l)
GO TO 1039

1020 IF2IC = ISl + VF1IC 7/ =y .

PHASE = =B8TAN(Lle 7/ SUrT(=le + (VINPK/(HI®IFCIC))®u2))
1030 VIFRFI = IF2IC ® ng

VFPIC VEIC = Vulu

SORT
SLEWR = SHKISE # TuL 7/ aul
SLEWF = SRFaLL ®* TUL s/ wul
VOIDLA = =VINPKR % .0 7/ TwuPl
K = 2,0 # =3 # 5]
DYNAMIC
VINYl = SINE(U.,0e OMEGA[s PHASEI)
VIN = VIN]l % vINPK
VINZ2P = SINE(U.0y OMEGALs 1.870796327)
VINZ = VINPK # OMEGAT # VINZP
SQRTZ = SAKT(1.0 + 2 @ 2) . . _ .
DVIFRF = =K # (VIFRF + VIN + VINZ ® (1e0 ¢ Rl / K3)eso
@ TOL / ANL)Y % Aul # SuWT? 7 ((VT1l + K # SWKTZ) # TOL)
VIFRF = INTORLU(VIFRFIs OVIFKRF) ..
Z = VIFRF 7/ X .
VF = gk &+ YLFRI
NOSORT
IF(VIFRF) las 1Se 19
14 VIFIRF = 0.0
AZ = -7
GO TO 14
15 VIFIRF = VIFwr
AL = 2
1A CONT TNIIF,
VK] = VF + VIFIRF % K1 / RJ
IF(AZ GT. 1luUyl.u) LU TUu 2b
VO = VvF + VIFRF ¥ Ki /7 R3 + V11 & ALUG(Z + SurT?Z)
GO TOQ 27
26 VO = VF « VIFwt % Kl 7 K3 + vI1 # al0OG((ZL + &Z) + 0. / AZ)
27 CONTINUF,
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PERCENT EX

OMIT VRIRF
voT v
VRIRF =
VIND
VINDLY
IF(VING
VOIDEL
GO0 T0O »
VOIDEL
CONTINU

]

SORT

voa
VIF1RT
I0a
IERORT
VERORT
DELVIF
IERORA
VERORA
PRINT VOIDEL>

1

I

OUTPUT VEROR
OUTPUT IEROR
OQUTPUT VvOe VF

METHOD STIFF
TIMER FINTIM
ABSERR VIFRF
RELERR VIFRF
END
STOP
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QU CawidJleiiuns
visls vOae aivig
RIRF 7/ tIxEF

VFl % 3 /7 K]
SInt (U uUs CeGale
VINPA % vy
LY) a9 S5 9
-viivaLy

VERURA WAEN Ri = Ued

PHASE)

Oeu

£

VOT)

[1M¥eF

VIFIRT)
VOIUEL) % 100.0 s/ vUluLA
(VRLrF VoItcl) # 100.u 7/ vOL1DLA
Tua vilouLa
DELVIF # 1u0.6 7/ vuIJLA

(vOa = vQIulLa) * luu.0 7/ vuloLa
VIFlr(Fo[‘KOthltKUHuothVIFQ\IUH/FoVEHUHTthKORA
Te VOIVELs vHlnF
Tsy VOIvrbLe VIFiIRF

NTGRL(Uele
VIFLRF 7/
NTGRL(TUALC,
(VIF irF

[T T T T

= H5.0c=6e¢ VJTLEL =

leOE=-30
50.' IOA
O.Ue 10A

PrutL
2y
Dev

10s0E=-06

Hoan
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BB P DR RRI R IR II ORI R R O RRNORN N RSB GTIRTRRIIRIRRRILCQOUICIRISSRRIIRIRIRORRN

STMULATTIOM NF APPINYTMATS iaw [NRTON 2PNS0OART TRANSISTOR
RFCTIFIVD <Y DELAY MFTuOD

PARAMFTERC
FINPHT = FRENIFNCY TN €ERT7 AF TU& [nPUT STGNAL
TIMEF = TWHF PFRION NF TeE TACHT STGAHAL
VINPK = MEGATTIVF PFA< TNDYT VO TARE
ANl = NPEN=LNNO (CPRAME VNI _TAGF Aalw AT LIOW FRENUENCIFES
GaAyF = THE GA[M=FANNLTINTH PrRODYCT OF THE OPAaMP
SR = SLFw RATE OF NPawD
TOL = PNRTNFyT PNLF TTMF CONSTANT NF 0gPamo

PHASFE = NOMINAI OHASE SHTFT NF OQFAISION RECTIFIER
VTe VT2¢ TS)e AND JS2 ARF PARAMMETERS USKEN TO MODFL
THF BN JINCTTONS N TRANSISTARS N1 AND (2 RESPECTIVELY

VARTAR| FS

VE = YALTAGE AT TNVFSTIA INBHT OF OPAMP

VN = ONTPUT VvOILLTAGF CF QPamP

VRl = VALTAGE AT EMYTTER OF 71

Vo2 = VN TAGF AT §MTTTER OF 232

VRIRF = VR) RFFEBRFT T THE T84T

VERNRPA = RFRICENT FRUNAR NF y0A

VERNPT = PFREFMT FREL2 (F yEIOF AS§ A FUNCTION OF TIve

VOA = AVFRAGF VA LIF NF VDP]IRF

1F1 ANNR [F2 aDRF THF EM[TTER che26NTS OF TRANSTISTORS
Q1 AND 02 RESPECTTWELY

VIFIRF = TF]1 RFEFRRIFI TO THY TH2UT

TERORA = PZOcENMT ERB0 OF 102

TERNRAT = PFRCEMT FR3IGU NC VIFIDF a8 & FUNCTION OF TIwME
TNA '= AVFIAGFE VAl UF NF yTF}EF

NFLVTIF = TNA = VIF]OF

VOfHCL = OYTepT NF TOEAL ~ALE-wAVF PECTIFTFR

MATNLA = AVF2AGRE VALI:F OF VCTAFI

e % & & & 80 & % & & &S &6 & & & & & &S && & X KX & XX &

(222222222 2222222222222 2222222222222 2R 2RRRRRRRTR R atsyss)
-
INITIAL
PARAMETER FINPUT = 140E3y VINPK = =]1,0E=2
PARAMETER ISl = 1e0E=1ls ISZ2 = Lle0E=1le VTl = 264UE~3s VT2 = 26.0£-3
PARAMETER AOL = Z2.0E5s GBWFP = [ 40E6s SRRISE = 7T0.0E69 SRFALL = TU.0EDb
PARAMETER R1 = 0.0y R2 = 0,09 R3 = 2,039 TUELAY = 0.10E-6

TIMEF = 1.0 7/ FINPUT

TWOP] = ©.2831853ub

OMEGAI = TwWOPI # FINPUT .

TOL = AOL / (TwWOPI # (GBwP)

ISINAR = 204.0 % (TS1 =& 1,18}
NOSORT
L ITERATION LOOP TO FIND INITIAL CONDITIUNS OF VvU AND IF2

IF2ICY = =1l.0E=T7

00 1000 I = 1 .50 A -

FCL = (AOL # rR3 / (R3 + R2 = VT2 / IFCICL) + 1.0) / (TOL #* TwOPI)

PHASE = ATAN(=FINPUT / FCL)
IF2IC = =SIN(PHASE) # VINPK / R3
CNVRG = ABS(IF2IC 7 IF2IC1 = 1.0)

IF (CNVRG «LTe leUE=3) 6O TU 1001
1000 IF2ICl = (IF2ICl + If2IC) / 2.0
1001 VOIC = =vT2 # ALOG(l.,0 = [FeIC 7/ IS2)
SORT ’



DYNAMI

s & & B

SLEwWR
SLEwWF

VOIDLA

c

VIN]l =

VIN =

V1
vl
ve
vo
VF
VR]1 =
VR2 =

v

R
v
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SRRISE # TulL 7/ AOL
SKFALL ® TOL 7/ aOL

= =VINPK # 2,0 / TwufFl

SINE(Qe0Q0

OMEGAT

VIN1 # VINPK

OPAMP MODEL

FOR SLEwW-RATE LIMIT,
INSERT # IN COL.
LIMIT(-SLEWR),

F

-AOL # v1

EALPL(VOIC,
IN ¢« (IF]1 «
VF + JF1 #
VF + IF2 #

HREMUVE # FROM COL.
1 OF vl =
SLEWF o

0.0)

VF CaRD

vF)

TOLs V2)
[F2) # w3

Rl
Kre

@ DARLINGTON TRANSISTCR FEEDBACR MODEL

% & &

UlP =
UlDAR
IF1P =
IF1 =
BETA]
BETAlP
ALPHAL
ALPHAP
ALPHAD
VICIRF
uzpP =
IF2P =
IFe =

VR1RF
VIND =
VINDLY

(VO = VvR1)
= UlP / 1.7

IS1DAR & (EXP(UIDAR) - 1.0)
DaRs TDELAY,

REALPL (~IS1
= 8400,0 *
8400.,0 #
BETAl 7/
= BETALlP
ALPHALl #

nH

(VR2 = VO0)
-1S1 & (EX
REALPL (IF2I

= VRl # R3
SINE(U.OO
= VINPK #

/ VTi

((IF1

(R TAl

IF1P)

1 OF Vi

LIMIT

+ 2.0 * ISIDAR)®% 0.301) ,
(((LF1 + .0 # ISIDAR)/(bETAL + l.0)) #® 04301)

+

l1.0)

/ (geTAlP + 1.v)

(ALPRAP / BETALl + j.0)
R3 # ALPHAD * IF] '

/ vig
P(u2zr)

1.0)

Cs TUELAYs IFZ2P)

PERCENT ERROR CALCULATIONS

OMIT VRIRFs VOTs VOAs ANU VERORA WHEN R1

/ Rl
OMEGAly
VIND

PROCEDURE VOIDEL = RECT(VINULLY)

4

S
6

ENDPRO
“

IF(VIN
VOIDEL
GO TO
VOIDEL
CONTIN

voT
VOA
VIFIRT
I0A =
IERORT
IERORA

DLY) 44 5y
= =VINDLY
6
= 0.0
UE

VRIRF / TIm
INTGRL (0.0
= VICIRF /
INTGRL (040

= (VICIRF = VOlDEL)

= (I0a =V

5

X3
voT)
TIMEF

VIFIRT)

0lbLA)

PHASF)

0.0

4 100.0 /7 VOIDLA
® 100.0 7/ VOIULA

CARU ANV

LABEL PRECISION RECTIFIER wITH AOL=2E5s GuwP=iMriZs NO SLEW LIMITeee.
o & DAKLINGTOM T1RANSISTOR wWITH IS=10FPA & VT=Q.026V
TITLE PRECISION RECTIFIER WITH AOL=2ESs GuwP=1MHZs NO SLEW LIMITseee

R1=2K

R1=2Ks R2=0,

PRINT

oUTPUT
QuUTPUT
METHOD
RELERR
ABSERR

END
sToP

s R2=0

VOIDELs VICILRF,
TIERORTs VOIDEL
VOs VF

STIFF

vO = 0.0y [Fl =
VO =-2.0f=6y IF1
TIMER FINTIM = 1l.Ut=3s

1EROKTs IEKORAs VOs VFy [FZs Vvke
leE=49 IFZ2 = leE=4y [OA = l.E-4
= laut=8y IFE 2 145E 8y IVA = 34E~5
PROEL = 5.0E=6+ QUTDEL = 10.E~6

& DARLINGTOM TRANSISTOR WITH IS=1UPA & VT=0.026vV
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“G6#66G66#GQGGGQGGQGGGGQGGGGOOQQGQﬂd###@ﬁﬁ#ﬂGQQ##O#GGGGGO#QQQQ#GQOQGQDQG

STMULATTINON NF aROEDXTMATE HARLINATON 2MHJQ7 TQANSISTOR
RFCTTIETFR wITw Caf:2

PARAMFTEDRC

FINPUT = FRFNIENCY Ta HFPTZ Nt Tuo TapPgT STHNAL
TIMFE. = TUF PERINND NE THS INFNUT SIGMNAL

VINGK = MEGATTVE PFAX INOIIT vy TAGF )
aNL = NPEN=L NP CPa¥E vl TAGE GaTy AT LNW FREAUENCIES
GAWP = THF BAIN=-QANNWINTH OIANHAT AF THE DPAMP

G2 = St Fw RATF OF (1P aAMD

TOL = NOMTINFNT POLE TIME CONSTANT OF NPA4P

DUASE = NMNMINAIL, PHASFE SHTIFT nC POFCTIQINN RFECTTFTIFR
VTe VT2e TR1e AMP (S22 AWE PAIAMETERS USEN TO MODEL .
THE ON  JUNCTTORNS OF TEaNSTSTORS 01 aND 02 RFSPECTIVELY.,

VAR AR FS
VF = VALTAGE aT TVVERTTIWE TASHT NF (PAMP
vn = ONTPJT VOILTAGE nF (OPave
VRl VO TAGF AT EMTTTER OF Q)
VR2 = VOLTAGE AT FMTTTEU OF 02
VRIRF = VPR] 2IFEFERRFP TN THE TMEYT
VERNQA PFRCENT FREBAQ OF V(A
VFRO2T = CRRARMT FRPCR NF VII9F A4S A FuurTION OF TIME
VAA = AVFIAGE VALUE 0F VPLRF
TF1 AMN TF2 ARF THE FMITTER FHDRCVTS or TRANSTSTORS
01 aND 22 RESPFCTIVALY

[}

VIELIPE = TF1 REFFSAES TN THF TaPIIT
IFRORA = CERCENT FPPNO OF 8 X
TFRORT = SFRCENT FRINE OF VIFILF AS A FUMCTINN OF TIME

TNA = AVFRQARGE VALIIF OF VIF1RF

NDELVIF = TNa = VIF1RF :
VOTNFL = NUTAUT OF TNF8L HALF~-WaVE RFCTIFIFR
VATALA = AVF2AGRE VAILLF OF VCINFL

AR N EEEEENEEENEREI NI NI IS 2 SN A N N N R

(LR R R R R R R R R R TR TR R Y- R R T N Y Y Y T T PP Y TP L PP P,
L}
INITIAL
PARAMETER FINPUT = 1.0E3s VINPK = =1,0€E=2
PARAMETER IS) = 1.0E=11s IS2 = 140E=11ls VT]l = 26.,0E~3y VT2 = 26,0E-3
PARAMETER AOL = 2,0ESs» GBWP = 1.0E6s SRRISE = 70.0E6s SRFALL = 70.0E6
PARAMETER R1 = 0.0y R2 = 0.0y R3 = 2,0E3y TDELAY = 0,05E~6
TIMEF = 1.0 /7 FINPUT
TWOPI = 6.283185308
OMEGAI = TWOPI & FINPUT
TOL = ANl /7 (TWOPT # GRWP)
ISIDAR = 204,0 # (ISl.%% 1,18)
NOSORT
# ITERATION LOOP TO FIND INITIAL- CONDITIONS OF VO AND IF2
IF2ICl = =1.,0E-7 .
DO 1000.1I = 1y 50 . . cL : :
FCL = (AOL ®* R3 / (R3 ¢ R2 = VT2 / IF2ICl1l) + 1.0) 7/ (TOL ® TWOPI)
PHASE = ATAN(=FINPUT / FCL)
IF2IC = ~SIN(PHASE) ¢ VINPK / R3
CNVRG = ABS(IF2IC / IF2IC1l - 1,0)
IF (CNVRG .LT. l.0E-3) GO TO 1001
1000 IF2IC1 = (IF2ICl + IF2IC) /- 2.0 .
1001 VOIC = =VT2 ¢ ALOG(1.0 =~ IF2IC / 1S2)
VIFRFI = IF2IC # R3



SORT

DYNAMI

s & s B

¢ DARLINGTON TRANSISTCR FEEDBACK MODEL

NOSORT

VFPIC
CBE =

SLEWR
SLEWF

VOIOLA

C
VIN] =
VIN =

vl
vl
ve
Vo
DVF =
VFP =

-

(-IS1DAR +

«0E-12
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SRRISE # TOL s AOL
SRFALL ® TOL 7/ AOL
-VINPK ® 2,0 / TWOPI
K = 2.0 # R3 # [S]

SINE(0.0
VIN1 # VINPK

OPAMP MODEL
FOR SLEW-RATE LIMIT,
INSERT # IN COL.
LIMIT(-SLEWRY
VF
-AQL ®# vl
REALPL(VOIC.
((VIN - VF)
INTGRL (VFPIC,

VF = VO + VFP

OMEGAI»

0,0)

IF2IC) '# R3 = VOIC

REMOVE ¢ FROM COL. 1 OF Vi

1 OF Vvl

TOL »

= VF CARD

SLEWF

VF)

ve)
/ R3 + IF1 + IF2) s/ CBE

DVF)

= LIMIT

«as CARD ANO

(((IF) + 2,0 # IS1IDAR)/(BETAl ¢ 1.0)) ## 0.301)

UIP = =VFP / (1.7 & VT1)

IF1 = ISIDAR ® (EXP(U1P) = 1.0)

BETAl = 8400,0 # ((IF1 + 2.0 # IS1DAR)®#® (0,301)
BETALP = B8400.0 #

ALPHAl = BETAl / (BETAl + 1.0)

ALPHAP = BETALlP / (BETALP + 1.,0)

ALPHAD = ALPHAl # (ALPHAP / BETAl + 1.0)

VIFIRF = R3 ¢ ALPHAD ¢ [F1l

U2P = VFP / VT2

IF2 = =1S2 # (EXP(U2P) = 1.0)

® PERCENT ERROR CALCULATIONS
# OMIT VRIRF,

®

TITLE PRECISION RECTIFIER WITH AOL=2ES.
& DARLINGTON 2N5087 wITH IS = 10PA & VT =
NO SLEW LIMITeeee

R1=R2

VRIRF = VRl # R3 / Rl

VIND = SINE(0.0s OMEGAI),
VINDLY = VINPK # VIND
IF(VINDLY) 49 Sy 5

VOIDEL = =~VINDLY

GO TO0 6

VOIDEL = 0.0

CONTINUE

VIFLIRT = VIF1RF / TIMEF
VOT = VRIRF / TIMEF

VOA = INTGRL(0.0s VOT)

IOA = INTGRL(0.0s VIFIRT)
IERORT = (VIF1RF =~ VOIDEL)
DELVIF = IOA = VOIDLA
IERORA = DELVIF *# 100.0 / VOIDLA

=0y RI=2K»
LABEL PRECISION RECTIFIER WITH AOL=2ES.

VOT,

VOA»

PHASE)

AND VERORA WHEN R]1 = 0.0

¢ 100.0 7/ VOIDLA

GBWP=1MHZ»

GBWP=1MHZ,

NO SLEW LIMITsee.,

R1=R2=0s R3=2Ks & DARLINGTON 2N5087 WITH IS = 10PA & VT =
VIF1RF
VOIDEL

PRINT

ouTPUT
ouUTeUT
METHOD

VOIDEL
IERORT,

VO V
STIFF

F

RELERR VO = 0.0+ VFP

IERQRT,

NN

Tna

IERORA

= Na0

DELVIFy VO

VF e

IF2,

0.026V

0.026V
VR2
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ABSERR VO = 2.6E=4, VFP = 2,6E-4s J0A = 1.0E-5

TIMER FINTIM = 1,3E=49 PRNDEL = S.0E-6s OUTDEL = 10,0E-6
END CONTINUE

TIMER FINTIM = 3.7€E-4

ABSERR VO = 7.BE=Ss VFP = 7.8E=3» I0A = 1.0E-5
END CONTINUE _
ABSERR VO = 2.6E=4, VFP = 2.6E-4y IOA = 1.0E-5

TIMER FINTIM = 6.0E=4
END
sSTOP
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ey yweewgeerreryreererz sz 2T E R LR LA LA EL-L LA 8 4 2 2 0 2 2 2 ]

SIMULATION CF PRECISION RECTIFIER EMPLOYING DARLINGTON
2N5087 TRBNSISTOR MODEL INCLUDING CBEs COBs AND HFE
VARITATONS WITH COLLECTOR CURRENT

PARAMETERS

VINPK = NERATIVE PEAK INPUT VOLTAGE

FINPUT = FPENUENCY IN HERTZ OF THE INPUT SIGNAL

TIMEF = THF PERIOD OF THE INPUT SIGNAL

AQL = OPEN-LOQP QPAMP VOLTAGE GAIN AT LOW FREQUENCIES

TOL = OOMINENT POLE TIME CONSTANT OF OPAMP

GAwP = THF GAIN-BANDWIDTH PRODUCT OF THE OPAMP

PHASE = NCMINAL PHASE SHIFT OF PRECISION RECTIFIER

S? = SLEw RATF OF OPAMP [N VOLTS s MICROSEC

VTy VTLIP. VT2e 1519 IS1Ps 1S2e ICBOls ICROL1Ps CBE].
CRE1Ps CRF2e¢ COBls AND COB1P APE PAGAMETERS USED TO
MODEL TRANSISTORS Qls Q2 AND Q1P RESPECTIVELY

R1 AND RZ ARE ZEROD

VOICs VFICs DVH1ICs AND VVB1IC ARE THE INITIAL VALUES
OF VOs VF, VBEle AND VVBE1l RESPECTIVELY

VARTIABLES
VF = VOLTARE AT INVERTING INPUT OF OPAMP

VO = OUTPUT VOLTAGE OF OPAMP

IE1 AND TE? ARE THE EMITTER CURRFNTS OF Q1 AND Q2
NEGLECTIMNG THE CURRENT COMPONENTS DUE TO BASE-EMIT-
TFR CAPACITANCES (CREls CBE1Ps AND CBEZ2)

VIFIRF = JF]1 REFERRED TO THE INPUT

TERORT = PFRCENT ERROR OF VIFIRF AS A FUNCTION OF TIME

I0A = AVERAGE VALUE OF VIF1RF

IFRORA = PERCENT ERROR OF I0A
VOIDEL = QUTPUT OF IDEAL HALF-WAVE RECTIFIER
VOIDLA = AVERAGE VALUE OF VOIDEL

########‘#‘t#########t###########t

BRSNS NN RER NG EDODGRAGOBORRUBRCRNOONOODDRDOD
-
IMITIAL
#  INPUT PARAMETERS
PARAMETER FINPUT = 1.0E3s PHASEI = 0.0¢ VINPK = =0.010E6
" INITIAL CONDITIONS '
PARAMETER DVB1IC = 3.02E7 o+ VVB1IC = 1.33E5

I0AIC = 0.0
# TRANSISTNR FPARAMETERS :
PARAMETER VTl = 26.0E3y VT2 = 26,0E3s VTIP = 26.0E3
PARAMETER ISl = 1,0E-7s IS2 = 1.0E=7y IS1P = 1.0E-7
PARAMETFER 1C801 = S.0E-3s ICBOLP = S5.0E-3
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PARAMETER CREl = 7.0FE-12s CREZ2 = 7.0E-12s CBEIP = 7.0E-12
PARAMETER CN]1 = 7.0E=12y COB1P = T.0E-12

PARAMETER [1=10ee 17=100e¢ IP=5000e9 I3=8000+s¢ T4=1.E4
PARAMETER R1=2G0e« 42=520e9 3P=G990,+ B3=960.s B4=940,

#  QESTSTANCE PARAMETERS

PARAMETER Q3 = 2,0E3s R = 1.0E9Q

RZ2 = 0,0
#  QPAMP PARAMETFRS
PARBMETER AQL = 2,0f5¢ GHWP = ].0FE6
PARAMETFR SWRISF = 70,0Ebs SRFALL = 70.0EA
PARAMETFR x71 = NN .

TxOP1 = £.7R3185308
NYEGAT = TwWO2T & FINPUT
TIMEF = 1.0 7/ FINPUT
TOL = AOL 7/ (TWOPT # 6G3wP)
NNSGRT »
IF (VFIC F0. 0e0 .AND} VOIC +EGQe 040) GO TO 1010
GG TO 1020
#  JTERATION LCOP TQ FIND INITIAL CONDITIONS OF vO AND 1IF2
1N10 TF2IC1 = =1,0F~-]
DO 1000 I = 1+ 50 . N .
FCL = (ACL # 33 7/ (R3 + R2 = VT2 7/ IF2IC1) + 1.0) /eeo
(TOL # TwOPI)

PHASE = ATAN(-FINPUT / FCL) + PHASEI
IFR2IC = -SIN(PHASE) # VINPK / R3
CNVRG = ABS(IF2IC / IF2IC1 = 1.0}

IF (CMVRG +LTe. 140E£-3) GO TO 1001
1000 IF2ICY1 = (IF2IC1 + IF2IC) / 2.0
1001 VCIC = =vT2 #* ALOG(1.0 - IF2IC / IS2)
VFIC = R # (IF2IC = IS1),
GQ TO 1020
1020 IF2IC = IS1 + VFIC / R3
PRHASE = ~ATAN(ls / SQRT(=1. + (VINPK/(R3®IF2IC))##2))
1030 VIFRFT = TFPIC # R3 :
VFPIC = vFIC - vOIC
# COMPUTATION OF THE CONSTANTS OF HFE(T)
N = alLOG(R2 / Al) / ALOG(IZz /7 11)
M = ALOG(R3 / B4) / ALOG(I4 / 13)

MN = =N

I2N = [2 ## MN

IPN = IP #¥ MW

I3N = I3 #& MN

I2M = [2 =% M

IPM = 1P #& ™

I3M = I3 @& M

B2 = 1.0 7 R2

9 = 1.0 / RP

R3 = 1.0 / R3

D = IPN®(IPM=T3M) + IPN®(I3M=I2M) + I3N®(I2M=-1PM)
X = (R2#(IPM=13M) + 3P2(I3M=12M) + R3¢ (I2M=IPM)) / D
Y = (I2N®#1RP=33) + IPN®#(B3-R2) + [3N®#(R2-8P)) / D
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7 = {T2N#(]IPU#43-T3M*HP) + [PN#(I3M#B2-]12M#B3) ..,
+ [3NB(T2M8HP-[PMeR2)) / D

WEITE (As1100)

waITE (641101)

WRITE (691102) Xo No Y

WRITE (65,1105) M, Z

1100 FORMAT (1H1l4'HFE OF TRANSISTOR @1 AS A FCT OF ICY)
1101 FORMAT (1RO *HFE=]1/(XBICH##(=N) + Y#ICH##M + Z)+ WHERE?')
1102 FCRMAT(Lr0e?tX = 'oE14eT9?s N = '5F14,Tets. Y = '9E14.7)
1105 FORMAT (1D = vY4Fl4,.74%s AND Z = vy E14,7)

SNRT

nyYNamic

t % & %

SLEWR SRRISE # TOL / AOL
SLEWF SRFaALL * TOL / AOL
VOTIOLA = =VINPK # 2,0 / TWOPI
SUMC = CRE]1l + CREL1P + COH1

VINL = SINE(0.0s OMEGAL, PHASEI)
VIN = VIN] # VINPK
CPAMF MODEL : :
FOR SLEW-RATF LIMITe REMOVE # FROM COL. 1} OF V1 = LIMIT
ees CARD ANC INSERT # IN COL. 1 OF V1 = VF CaRD :
LIMIT(-SLEWKs SLEWFs VF)
VF . . :
ve -AQL .* V1 - . .
Vo REALPL(VOICs TOLs V2)
CNIFP = ((VIN = VF) / R3 + IF1l + 1E2) 4 CBE2
VFP = INTGRL(VFPICs DIFP)
VF = VO + VFP - .
DARLINGTON T#ANSISTUR FEEUBACK MODEL
VRELIP = VO - VF - VRE1l
Ul = VBEl / VTl
ule VBELP / VT1P
T1€1 IS1 # (FXP(Ul) = 1.0)
1IE1P = ISIP # (EXP(UIP) = 1.0) _ .
NIELIPP = IF1P + ICH01l - IE1 / (HFE1l + 1.0) - VBEl / R
nIElP DIF1PP / SUMC
VVRE] INTGRL(VVB1ICsDIELP) :
VRE1l = VVRE] + (CRE1P#VO = (CBELP + COB1)#VF) / SUMC
IFl = IEl + VHEl / R + CBEl # DVBE]
1E160 IE1 + 2.0 # ISl <
IE1PGN = [F1P + 2.0 * ISIP
HFELIP = 1,0 / (X # (IE1PGO®SMN) +
HFEL = 1.0 7/ (X # (IE1GO##MN) + Y
ALPHAL = HFFLl 7/ (HFEl + 1,0)
A_PHAP = HFFEIP /7 (HFELIP + 1,.0)
NVO = (V1 - vN) s TOL
DVHEl = CEQIV(DV1ICs VBEL)
NVF = DIFP + DVO
DVHELIP = NVO - OVF = DVBEL
VIF1R R3 & (ALPHAL @ IE]1 + ALPHAP # IEL1P)
VIF1X R3.# (COM]l # (DVBELIP - DVO) = COB1lP # DVO)

V1
vl

Y # (IE1PGO®#M) + 2)
# (IE1GO##M) + 7)
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VIF1lDC R3 # (ICRO1 + ICHOLlP)
VIF1RF VIFIR « VIF1X + VIFIDC
U2P = VFP / v12
TIE2 = ~1S2 # (EXP(U2P) - 1.0)
NOSORT
#  PERCENT ERRCR CALCULATIONS
VIND = SINE(0.0s OMEGAIy PHASE)
VINDLY = VINPK # VIND
IF(VINDLY) 4 S5¢ 5

4 VOIDEL = =VIANNLY
GN T9 6

5 VOIDFILL = 0.0

6 CONTIMNUE

SORT

VIFIRT = VIFIRF / TIMFF

10A = MOCINT(IOAICY XZlslaGsVIFILRT)

IERORT (VIFIRF - VOIDEL) #* 100.0 7 VOIDLA

DELVIF I0A - VOIODLA

TERORA = DFLVIF # 100.0 /7 VOIDLA
LABEL PRECISION RECTIFIER WITH AOL=2ES5+ GRWP=1MHZs NO Ryeee
R1=R2=0¢ R3=2Ke & DARLINGTON 2NS5087 WITH IS=0.1PA & VT=,026V
TITLE PRECISION RECTIFIFR WITH AOL=2ESes GRWP=1MHZs NO Ry eee
R1=R2=0, R3=2K, & DARLINGTON 2N5087 WITH IS=0.1PA & VT=,026V
PRINT VOIDFLsVIFIRF4IERORT s IERORAWDELVIF4VOsVF4sDVBELlsVVBEL
QUTPUT TERORTs VOINELs VIFIRF
OUTPUT VvOe VFs V8E1
MFETHOD STIFF
ABRSFERR VO = 410, VVBE]l = 410e9 VFP = 410.¢ I0A = S.0
TIMFR FINTIM = 1,00F=3s PRDEL = S.0E-6y OUTDEL = 10.0E-6
END CONTINUE
PARAMETER XZ1 = 1.0

ARSERR vf) = 1209 VVBEL = 120e9 VFP = 1209 IOA = 5.0
TIMER FINTIM = 1.13F-3 :
ARSFRR VO = 41,0¢ VVBE]L = 41,09 VFP = 41.0. 104 = 5.0

TIMER FINTIM = ]1,37E-3
ENL CONTINUE

ARSERR VO = 120.¢ VVHEL
TIMER FINTIM = ]1.5€£=3
END CONTINUE

ARSERR V0 = 410.+ VVBE] = 410.9 VFP = 410,
TIMER FINTIM = 2,00E-3

END

STOP

1

1209 VFP = 120-



APPENDIX D

SIMULATION OF TEMPERATURE CONTROL SYSTEM
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# QIMULATING CF TEMPERATURE CONTROL SYSTEM
-3

STORAGFE AxX(20)es 42(20)s ATP(20)

FIXFD Toe Mie ME. MT, MRESe MPLS. MTLS

INITI AL

NOSCRT

#  TA4PSET AN TEMPIC ARE THE DESIRED TEMPFRATURE AND
A INITIAL TEMPERATURFE RESPECTIVELY

PARAMETER TMPSET = 150.0s TEMPIC = 150.0
# FOR TURN ON CONDTTIONs SET VCIIC LT, 0.0
#  AMPLIFIEP GAIN
PARAMETFR AIER = 3.294E=le A2 = =H.98E-3y K = 1.0E-1
PARAMETER GAIN = 1.0
¢ LOW=PASS FILTER TIME CONSTANTS
BARAMETER TCRE = 4.0E-3s TEROR = 4.0E-34 TRX = 4.0E-3
WCURKR = 1,0 / TCURR
WEHWNKR = 1.0 / TERNK
WwhX = 1.0 / TRX'
& AOMPIC = THNITIAL 3FAM POWER
PARAMETFR mMRIC +~ 3.6
# RS = STANDARD RESISTANCE
PARAMFETER RS = (.,Nn8
2  THICK = SAMFLF THICKNESS IN MILS
PARAMETER THICK = 3.0.
# RQESTST = SAVNPLE RESISTIVITY IN MICROOHMS=CM
PARAMETER QESIST = T.4E1
QLNW = 2.0 # RESIST # 1.,0E-6 / (5.,08E«4 # THICK)
2 ARXe A4Pe AND ATP ARE THE COEFFICENT MATRICIES OF

K POLYNOMIAL FAUATIONS FOR RX(TEMP)e POWER(TEMP)s AND
“ TFVYP (POWER) RESPECTIVELY

READ (5499) R

MQLS = MR = ]

QEAD (Se100) (ARX(I)e I = 1o MR)

READ (He50) MP

MPILS = MP - ]

READ (54100) (AP(I)s I = 1y MP)

OFan (5450) MT

MTLS = MT - ]

READ (S5410N0) (ATP(I)e T = 19 MT)
90 FORMAT (I2)
100 FORMAT (4F16.5)

WRTITE (6s 1000) (Is ARX(I)e I = le MR)

WRITE (He 1010) (19 AP(I)s I = 1le MP)

WRITE (6+ 1020) (Ie ATP(1)e 1 = 14 MT)
1000 FORMAT(1H]le *T1%e 10Xe? ARX(I)'e //y (1Ks 124 F£20e5¢/))
1010 FORMAT(1HO. *T1%s 10Xs? AP(I) 'y //« (1Xe 124 E£20.5+/))
1020 FCRMAT(1F0e *T%e 10Xet ATP(I) 'y //e (1Xe 29 E20.54/))
#  AXIC aNND RXSFET ARE THE INITIAL AND DESTRED SAMPLE
® RFSISTANCES PESPECTIVIELY

RAIC = ARX(MR)

QXSET = ARX (A4R)
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ne 10 1 = 1e MRLS
RASFT = KYCSFT @ TMPSET + AQX (MR- T)
n FXIC = RXIC & TEMPIC + AKX(MR - 1)
RXTC = RXIrC # LW
RXGET = AXSET .# MUY
SNAT
#  CUPRIC = INITTaL VALUE OF CUKRENT
NOSORT
TF (VvC1IC LT 0.M) G0 TO 200
CuRRIC = AP (MD)
ne 30 I = 1. MPLS
30 Cu=RIC CURNTIC 2 TEMPIC + AP(MP = 1)
cewen SANT((CURRIC = BMPIC) / RXIC) : :
VC1IC = (5.3E-2 # (CURKIC # SQRT(RS) / 0.109 - l.))ee2
e TU 210 .
200 CURRIC = 0.139 / SQRT(RS)
YCIIC = ¢.0
210 VCURKT = CURRTC # KRS / AIER
DYNAMIC
#  AEAM POWER
AvMAVG = 1.0 - STEP(0.1) + STEP (3.0)
aFaMP = RYOIC# RMAVE
# INPUT2 = OSCILLATOR VvOLTAGE.
INPUT? = 1.0 . . S
#  THF SAMPLE =FSISTANCEs RXe IS A FUNCTION OF TEMPERATURE.
PROCENURE RX = QYOFT (ML Se ARXy TEMP, RI_DW)

RPX = ARX(MR)
NS 40 I = le MRLS
40N QY = X # TEMP + ARX (MR - 1)

Rx = 22X # 2LOW
ENDPROCEQURE . -
RS # CURENT / AIER

VCURAL =

VOURRZ = RFALPL(VCURRI . TCURRe VCURRL1)

VCURRI = yrURR2 + (WCIRR =8 2)

VCURN CMPXPL(VCURRIy 0e0s 0.7074 WCURRs VCURR3)

NELRX = RX = RXSET

VERO®R]1 = RS & DELKX # CURFENT / ((RS + RXSET) # A2)
VEROK? = RFALPL(0.0+ TEROR. VEROR])

VEQOKRI = VFROPA2 # (WEROR oo 2)

VERROP = CMPXPL(0.0s 0,0¢ 0,707+ WERORs VEROR3)

VRXl = VERONR / (VCURR # K)

VEXZ = VRX] % (WRX ##2)

VEX = CMPXOL (N,0s 0,09 0,707y WRXe VRX2)

VRXA - VRX ® GALWN

VRXF = VRXG - 1000.0 % VCI1F

Vil = INTROL(VCLIICs VRXF)

VCIF = DEANSP (=0.H6e 10,0 VC1)

VEC = VC1 + 0.4 # VRXE
4 TAF SOQUAPE 'RONT OF THE CONTROL VOLTASGE (vC) IS USED TO
* CONTROL TrF OHAMIC HEATING CURRENT

MCP = LIVMIT(0.0« 10,3« VC)
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VCSR = SGERT(VCP)

FFT = (10.0F3 # VCSR + 530.0) /7 S530.0
% CURENT = THE OHMTIC HEATING CURRENT.

CURENT = 04109 # FET / SURT(RS)
#  THE TNTal. AFATING POwWER IS COMPOSED OF BEAM POWER (REAMP)
#  AND OHAMIC HEATING POWER (OHM]CP

ORvICP = (CURENT ##2) # RX

PC4ER = CHMICP + REAMP
NOSORT
& THERNMAL TRANSFFR FUNCTION OFf SAMPLE,

" TEMBSS = aTo(MT)

N0 S0 1 = le MTLS :
50 TEFMPSE = TEMPSS & POWER + ATP(MT - 1)

TEMP = REALPL(TFMPICeN.4eTFEMPSS)

FRHRTMP = TFMP - TMPSET
PRINT TEMPe ERRTMPs VRAs NELKXs =Re VCURRe CUKENTe HFEAMP, VC
DUTBYT TEwks nEBMU, CURENT
OUTPUT ERRTYP . VRXe DELRX
DHTPUT CURENT, vaIUIRR

ARSERR VRAX = 5,0F-3e VCURR = 5,0E=39s VCURRZ = 9.0E-3
ARSERR TEMP = (.05, VERNKZ = 2.0F=4y VERROR = 2,0KE-4
ARSFRP V(1 = 1.,0F«3
MFTHOD STIFF
TIMER FINTIM = 10,0e¢ QUTDEL = 04,10« PRDFL = 1.0F=2
FND
NOSCRT
INPUT
3
1.00 1.019505E~-3 ~4,51926KE-7
4
1.039113 1.994726E-2 1¢245214E-5 -3,370853E=-9
4
-5 ,33915GF 1 5.P750RP9F 1 -1.,3225%0E0Q 3.215900E-2
EMDTNPYT

sTOP
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